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LIST OF SYMBOLS

2

A Area (m)

B Length of Basin, Gallery (m)

C Consumption of water per head (m3/h.s)

H Average saturated aquifer depth (m)

h Aquifer depth at a distance x from the river (m)

K Coefficient of permeability (m/day)

L Length (m)

P Residual Rainfall (m/s)

p Porosity (dimensionless), penetration fraction (dimensionless)

Flow of water per unit aquifer width (m2/s)

q Flow of surface water per unit aquifer width (m2/s)

q
5 Flow of natural groundwater per unit aquifer width (m

2/s)

Q Flow of water from a well (m3/s)

P A constant

r Radius of well

Maximum allowable drawdown of water level (m)
aS Additional drawdown in level due to partial penetration of well (m)

S~ Total drawdown including effect of partial penetration (ci)

Td Detention time of water underground (s)

V Velocity (m/s)

W Width of aquifer (km)

X Orthogonal co-ordinate

Y Orthogonal co-ordinate

~t A constant greater than 1





= A -

= P

= Q (Table A2)

= Qi (Table A2)

= Q (Tables Ak, A5)

= S

= T

S

LIST OF SPECIAL SYNDOLS FOR COMPUTER PROGRA~-U•~ES

The following symbol changes have been made for the computer programmes:

p

Qo

q~

q0

S
0

Td

vq = entry rate of water into soil (m/s)





CHAPTER 1

INTRODUCTION TO INFILTRATION SYSTEMS

1.1 Prevailing Water Supply Situation in Developing Countries

Surface water is a common source of drinking water for most areas in developing

countries, as it is plentiful for much or all of the year, and comparatively

easily accessible. The use of surface water, however, has serious disadvantages.

Firstly, it is highly polluted, being subject to a great deal of runoff from

adjacent land, and thus it is a major source of disease to communities who

use it. Furthermore, the water has to be carried, sometimes for long distances,

to the place where it is required for use. In addition, small streams may dry

up completely during periods of low rainfall or drought, with the result that

water has to be obtained from further sources.

The most commonly used methods of providing drinkable water for developing

countries are:

(i) Conventional treatment of surface water by chemical and mechanical means;

(ii) The abstraction of naturally occurring groundwater.

However, both these methods have significant drawbacks. The first method is

commonly used in developed countries, and is inappropriate for small

communities as it requires expensive mechanical plant, which is costly to build

and expensive to maintain. It also requires skilled manpower which may be

difficult to obtain or train in sufficient numbers. There is, in addition, a
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need for consistent supplies of chemicals, which often need to be imported.

The use of groundwater is suitable, particularly for small communities. The

water is generally of a higher quality, and does not often require treatment,

as the passage of rainwater through the ground upgrades the water quality.

However, preliminary investigations for groundwater are often expensive, and it

may not be present in sufficient quantity. The water may be very deep and

therefore difficult to abstract, or occasionally the water quality may be

poor, requiring further treatment, which may not be economically feasible.

1.2 Infiltration of Surface Water as an Alternative Water Treatment Method

This study will evaluate an alternative to the above commonly used methods of

obtaining drinkable water. Through the infiltration of sufficient quantities

of surface water into the ground, such that during its passage through the soil

it undergoes a similar upgrading in quality to that of naturally occurring

groundwater, such water on abstraction should be of a quality suitable for

drinking water.

There are two main methods of surface water infiltration. The first is by

inducing water to flow from a river or lake to a gallery or well, from where it

can be abstracted. This can be seen in Fig. 1.1. Initially, when a small

amount of water is abstracted from the gallery, there will be a drawdown of the

water table. When, for larger abstraction rates, the water level adjacent to

the river bank falls below the level in the river, water is induced to enter

the aquifer from the river and flow into the gallery. Thus the water that is

abstracted consists mostly of river water, with a small proportion of naturally

occurring ground water. If the river bed, and the aquifer, are highly permeable,

—2—





large amounts of water can be drawn into the gallery without a significant

lowering of the adjacent groundwater table.

- 1,%Ier

YX~K~CK~)CXX>

Fig. 1.1 Flow of Water into a Gallery Adjacent
to a River

Alternatively, instead of infiltration galleries, wells may be used for abstrac-

tion.

A related method of infiltration is where the water, instead of entering the

ground directly through the river basin, is transported to a different location,

preferably through open channels, where it can be infiltrated through basins,

ditches or wells into soil of suitable perreability. Where the distance

involved is very long, however, transportation may need to be through pipes and

not channels. The water can then be abstracted at a distance, which may be

estimated by calculation. Figs. 1.2, 1.3 and lit give an indication of the

nature of these systems.

- - gallery •- - -

x’cxxxxi~y$
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Fig. 1.4 Infiltration by means of a Basin and
Parallel Galleries (After Huisman, 1983)
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Fig. 1.2 Infiltration by means of a spreading
basin to wells (After 1-luisman, 19~33)

t

recovery
injection recovery

aquifer
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Fig. 1.3 Infiltration through an Injection Well
(Huisman, 1983)
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The methods each have their advantagesand disadvantages, and these are discussed

briefly below:

Induced infiltration is the simplest method, in terms of design, construction

and operation, and therefore the cheapest. The main drawback to the method,

however, is that it presupposes a relatively permeable layer of rock or soil

adjacent to the river, and in some cases this may not be so. Where the water

has to be conveyed to basins or ditches for infiltration, the system is rather

more flexible in that it will allow an area to be chosen which is more suitable

in terms of either permeability or chemical compatibility with the surface water.

However, it has several drawbacks for small communities. It is more expensive

to construct than induced systems, and the basins, ditches or wells require

regular maintenance. Nevertheless, it may be, in some situations, that there

is a net benefit to be gained by choosing such methods. The exception is the

use of Injection wells. These are particularly costly, require constant

maintenance to keep them in working order as they clog easily, and extensive

pretreatment of the raw water to remove suspended solids. They are therefore

not to be recommended, and for this reason will not be included in this study.

The means of abstraction which will be discussed in this study are infiltration

galleries and wells. Infiltration galleries, depending on the nature of the

ground, are relatively simple to construct, and do not require very specialised

equipment. However, they are not suitable for very great depths, and here,

wells may be used instead. In operation, as water generally flows through a

smaller total surface area in wells than galleries, wells are more likely to

cause maintenance problems.

In subsequent sections, the following approach will be used:

Initially, the quality requirements for surface water will be discussed, in

—5—
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addition to the effects of using water that fails to meet bacteriological

standards. This will be followed by a consideration of the basic theory of

infiltration systems. The main biological and chemical changes associated

with surface water during infiltration will then be examined, and on the basis

of this and previous information, design criteria and tables will be developed.

This will be followed by a discussion of the general operation and maintenance

of infiltration systems, together with less common maintenance problems that

may arise. Finally in Chapter 6, conclusions to be drawn from the study are

given, together with recommendations for further work; and a simple handbook

for the design and operation of infiltration systemsarising from the conclusion

is included in the Appendix.

1.3 Water Quality Criteria

The aim in treating surface water should be to produce water which is:

(i) Free from pathogenic micro-organisms;

(ii) Free from chemicals which may be harmful to health;

(iii) Aesthetically pleasing and palatable enough to ensure that consumers

will not be inclined to seek other, unsuitable sources of water.

Of these criteria, the first normally is the most critical in developing

countries, as most pollution is faecal pollution, which gives rise to the

presence of high numbers of pathogenic micro-organisms. There are numerous

diseases whose pathogens are associated with water, but these water-related

diseases can be classified into four-main groups (Feachem et al, 1977).

These are:

-6—





(i) Faecal—Oral (Water borne or water washed diseases);

(ii) Water Washed diseases;

(iii) 1/ater Based diseases;

(iv) Water Related Insect vectors.

Water borne diseasesoccur when some pathogenic organisms contaminate domestic

water supplies. Such diseases may be prevented by improving the water quality

to reduce pathogen concentrations at least below the infective dose, if not to

eliminate these entirely. The second group, water—washed diseases, are the

result of insufficient water supplies for adequate personal hygeine. These

include skin and eye infections, and their prevention depends on the availability

of sufficient and easily accessible water for domestic purposes. Water—based

infections are caused by parasites in water which, while themselves not infective

to man, infect other micro—organisms, such as snails and crustaceans. The

larvae of these micro—organisms in turn infect water users. The larvae can

be washed off the skin of infected people close to the water source and back

into the water. The prevention of water based diseases therefore is by

protection of tue source of water. Water can also act as a medium for the

spread of disease by insect vectors. A common example is the tsetse fly, which

acts as a vector for sleeping sickness, and is found near surface water. Thus

people using surface water in areas where it is prevalent are liable to catch

the disease. Table 1 is a summary of the main groups of water related

diseases, with common examples given for each group.

From the above descriptions, therefore, it will be apparent that the main aims

in designing infiltration systems will be to ensure a substantial improvement in

water quality over that of the original surface water, and to provide adequate

water for the use of the community. How much water is adequate is often

—7—
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TABLE 1

¶~‘Jater—PelatedDiseases

CATEGORY

From ‘Water, Wastes and Health in

~(Ed. R. Feachem, H. McGarry, and

Hot Climates’

D. Mara, 1977)

EXAMPLE

1. Faecal-Oral

(Water borne or water washed)

(a) low infective doses

(b) high infective doses

2. Water Washed

(a) skin and eye infections

(b) other

3. Water Based

(a) penetrating skin

(b) ingested

4. ‘~.Jater—Related Insect Vectors

(a) biting near water

(b) breeding in water

Cholera

Bacillary Dysentery

Trachoma, scabies

Louse—borne fever

Schistosomiasis

Guinea worm

Sleeping Sickness

Malaria

—8—





difficult to state specifically, but a figure will be suggested in a later

chapter for the purposes of design. It must be noted, however, that any

assessment of water demand must include projections for the increase in demand

likely to be generated by a more accessible supply of water.

The measurement of improvements or otherwise in water quality is normally by

means of faecal coliform bacteria, indicator organisms which are themselves

harmless. The WHOInternational Standards for drinking water (1971) state

that there should be no coliform bacteria in a lOOml sample of water under test.

For small community water supplies, which is what this study will examine, it

allows for up to 10 coliforms per lOOm), sample of water.

However, Feachem (1980) has suggested that these criteria are too rigid, and that

the emphasis should be on a significant improvement of water quality above the

source currently used by the community. It would seem that this is a more

realistic approach, as the application of rigid standards may cause a new water

supply to be abandoned by water authorities, leaving the community to return to

a much more polluted water supply. It is expected that, in surface water

infiltration systems, the WHOstandard will be met, but it is as well to make

the point about aiming for a substantial improvement, rather than aiming for

much higher standards and consequently being forced to give up a project. The

WHOInternational Standards also give maximum permissible concentrations of

chemicals in domestic water supplies, to ensure that health and aesthetic

criteria may be met.

It will be assumed for the purposes of this study, that surface waters will not

normally contain toxic chemicals from industrial and agricultural waste. Thus

any chemicals will be naturally occurring chemicals either present in the

surface water, or acquired during its passage underground. Table 2 gives

—9—
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E. BacterioIo&~j

TABLE 2

Water Quality Criteria

From ‘International Standards for

Standards for the bacteriological quality of drinking water are;
1. Throughout any year, 95% ol sample, should not contain any coliform organisms

In tOO ml.
2. No sample should contain E ccli in 100 ml

3. No sample should contain more thin W coliform organisms per 100 ml.

4. Colilorm orgenis,n should not be dstectsbls In 100 ml. of any two
consecutive samples.

Parsmeters

Drinking Water’ (WHO 1971)

Urvietirable effect
that may be

produced

Highest desirable
level

MaXimum
permissible

level

A. PhysIcal

Color (units) Discoloration 6 50
Odour Odours Unob)sctionsbls Unob(ectionsble
Tine, Tines Unob(ectionable Unobjectionabla
Total Solids (mg/I) Taste

Gastrointestinal
Irritation

600 1500

Suspended matter Turbidity 6 25
(unit,) Gastrointestinal

Irritations

B. Chamlcal

pH (unit)

Calcium (mg/I)

Chloride (mg/I)

~
Totsl hardness, as

mg/i of caco
Mineral oil (rngAl

Phenollc substance,
(mg/i)

Taste
Corrosion
Excessive sale

formation
Taste
Corrosion in hot

water systsms
Excirstive scale

formation
Taste
Odour
Taste

7.0 to 8.5

75

200

100

0.01

0.001

6.5 to 92

200

600

600

030

0002

C. Trace Elements

Arsenic (mg/I)
Copper (mg/i)

Cyanide (mg/I)
Iron (mg/I)

Lead (mg/i)
Manganese (mg/I)

Zinc (mg/I)

Toxic
Astringent Un.
DIscoloration
Corrosion of pipes;

fittings and usainils
ToxIc
Taste,
Discoloration
Turbidity
Growth of Iron

bacterIa
Toxic
Tan.
Discolorstion
Deposita in pipes
Turbidity
Astringent taste

—

0.05

—

0.1

—

0.05

5.0

005
1.5

0.05
1.0

0.1
05

15.0

D. Pesticides

DDT (mg/I)
PCB

Toxic
Toxic

—

—

005
Nil

- 10 -
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maximum permissible figures of

of excesses of such chemicals.

that while it is necessary for

~HO International Standards in

common chemicals found in water and the effects

Regarding aesthetic criteria, it must be noted

the water to look and taste good, aiming for

this respect may not always be practicable.

The foregoing is an outline of the aspects of water c~uality which should be

achieved by a successful infiltration system. However, for any new surface

water source for an infiltration system, it will be necessary for comprehensive

tests to be made, both before infiltration and after it, to meet either national

or internationally accepted standards for drinking water; such testing will

need to be maintained, preferably on a weekly basis, to ensure that the water

abstracted is fit for consumption.

I

.
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CHAPT~2

THEORY OF INFILTRATION SYSTEMS

2.1 Induced Infiltration to Wells

The flow of water from rivers to wells can only occur when certain initial

requirements are fulfilled. These include the need for a permeable river

bed, such that it does not act as a barrier to river flow into the adjacent

ground in which the well is sited. The area for infiltration must also be

of reasonable permeability, at least O.~im/cLay. In addition, the slope of

the groundwater water table, and position of the well, must be such that

pumping will ensure a steady flow of river water towards the well. Although

a proportion of the abstracted water will be natural groundwater, the aim is

to manmise the proportion of river water. There are three possible

directions in which the groundwater table may lie. It nay be horizontal,

sloping away from the river, or sloping towards the river. Fig. 2.1 and

2.2 are diagrams for the horizontal case, that show the direction of flow

before and after pumping begins respectively. In this situation, flow from

the river to the well will always take place, provided the other factors of

adequate river—bed and soil permeability are present. Similarly, where the

ijater table slopes away from the river or stream, as in Fig. 2.3, it may be

assumed that the direction of flow is from the river into the aquifer

(Kazmann, 1948).

When, however, the slope of the water table is towards the stream, as in Fig. 2.k,

whether or not infiltration does occur will depend upon the amount of water to

be abstracted, which in turn affects the drawdown of water in the vicinity of

— 12 —





AGround surface
.1 Water table

_~/ I

Fig. 2.1 Natural Flow Pattern of Water to a
River before Water Abstraction (Todd, 1980)

Fig. 2.2 Flow Pattern of Water after Abstraction
from a nearby Well (Todd. i9~0)

TabIe~.

•‘ ‘~

FIg. 2.3 Induced Infiltration with ~‘Jater Table S1op~’~
Away from the River

.

.

— —

— —

itiiperiiitauie
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Fig. 2.4 Possible Effect of Pumping on Water Table

Sloping Towards a River (Anderson, l9~+b~

the well, and the position of the well. Provided the base level of the river

is above that of the aquifer, the direction of water flowing into the river

will be reversed when pumping begins. Thus river water and a proportion of

natural groundwater will flow into the abstraction well (Kazmann, l9Li.8).

However, where there is not much difference between the base levels of the

aquifer and river, the siting of the well is important, particularly where

there is a low abstraction rate and therefore minimum tirawdown. If the cone

of depression that forms around the well is not steep enough, the complete

reversal of slope required does not take place (Anderson, 191+8). The result

of this is illustrated in Fig. 2.4. Under these conditions, flow of river

water to the well cannot occur. However, were the well to be placed closer

to the river, such that the water table sloped downwards right from the edge of

the river-bed, river water could then flow into the well.

There are two main aspects of design where wells are concerned. The first is,

as mentioned earlier, the distance between the well and river. The second is

to estimate the lowering of the water table at the well face due to pumping.

This information is needed primarily t0 establish the depth to which the well

A — Piezometric surface (non - pumping)

B — Psezomefric surface (pumping) with ground water dtvide
a) C preven(lng Irstl)tratlon from rtver

- 14 —
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should be sunk, ensuring that the permeable length of the screen remains below

the lowered water table. To develop the necessary equations of flow, a number

of assumptions must first be made. These are as follows:

(1) The flow of water is laminar;

(ii) That there are no great variations in aquifer permeability over

short distances.

Laminar flow may be assumed because groundwater flow is normally slow, with the

exception of flow through rocks of chemical origin, such as limestone, where

large tunnels may have formed, giving rise to turbulent flow underground.

Such cases are not considered here. The second assumption is necessary because

large variations in permeability may give rise to steep gradients in the water

table (Rornbaugh, l9~+8). This will in turn make an accurate assessment of the

saturated depth, H, difficult.

During induced infiltration the flow of water into the abstraction well cannot

be stopped, and as such a situation of steady flow prevails. The first step

is to develop an expression for the change in aquifer depth with

distance, bh/~~ and thereby obtain expressions for the distance, L, between

the river and well. This may be done by considering the combined effects of

natural groundwater flow per unit aquifer width, q~, and the quantity of water

abstracted, Q.

(I) Influence of natural groundwater flow

Using Dupuit’s equation, q ~ ~‘/dx

where q is the discharge per -unit width, h the saturated aquifer depth

at any point along the distance x, and k is the permeability of the aquifer.

- 15 —





Using the expression dq/~~ q~ ——--—

Fig. 2.5 Influence of Natural Groundwater Flow
on Water Table Height (Hu~~l~~3)

dx = .~-ç2~h dh

S 2q~X

K

1~

2 qn X

K

H2 - h2

H2 - h2 2q~X -~

neglecting the influence of rainfall, as this is insignificant compared

to the total storage of water in the ground. The variables described

are marked in Fig. 2.5 below. Combining equations and (~)

.

K~1dxq~ =

(‘qn

3K
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(ii) Influence of Abstraction

The abstraction rate Q = In,), where A is the surface area through which

water flows into the well.

A = 2llrh, where r is a radial distance from the centre of the well,

and the permeable length of the well.

V = K 4~,using Dupuit’s assumption that flow velocity is proportional

to the tangent of the hydraulic gradient.

.
Thus Q = 21’TKh’r dh’

dr

From the concept of continuity, = Q = (35
where Q is the abstraction rate of water from the well, as shown in

Fig. 2.6.

water table before pumping
water table during pumping

Fig. 2.6 Influence of Abstraction on Water Table (N 5rnQflt~fl)

Combining equations G5 and~,

ç Qo dr =

j 2-çfK -r h’J

Q H112
° ln r =

hi..

- 17 -
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This may be written as:

H2 - h 2
= ~o/

11-K ~ ln R/ (Huisman, 1983)
Where H is a constant, from which the following equations are developed.

1For well abstraction, H = r , and(~)j~z~T7~
r-~ 2 2~,i(L-x) +y

in orthogonal co-ordinates

. 2 /2
H h

2
+ x) ÷y

= ~o/0K)ln

Combining the influence of the flow of water to the well and the water

abstracted from the well,

From equations and

Thus ~K~a_ ~0
~x Kh 2cKh C L+ x

(L÷x)
2+y2

L-x
+

When x = 0, and h = H, the flow from the river to the well is quickest

ç~

Fig. 2.7 Shortest flowpath between River and Well
(After Huisman, 19o3)

(H2 — h2) — (H2 - h’ 2) = Q~X

K L1iK,~

as in Fig. 2.7.in a straight line, where y = 0,

x

R~tr.~

L.

A

r’ “vet- ov~d w&I

V
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Under these conditions,

�hq~ Qo

Kh ~tKHL

where is the slope of the water table adjacent to the river. It

has already been established that the slope of the groundwater table

must be away from the river, i.e. the slope must be negative.

If -~-.~(o, it follows that

.
KR IcKHL

:. Q0)1tq1.~L

~ Q0 =~~çqL,

where~is a dimensionless factor greater than 1.

Along the straight route to the well as shown in Fig. 2.7,

__ - ~ ( ‘ + ___ -

~x Kh 2ltKh \(L + x) (L - x) J

S since q~ %/~~L, and assuming h = H,

__ - +.2ItKh + x L - xJ

From equation ~ and using expressions for velocity and distance, it

can be shown that within the boundaries of x = 0 to L,

Td = PHL { ~ �anh ) - ___
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from which,
L~ I ~ (tan_i i ~ - = Q Td

J~-i)/ J

combining equation with

i - o< (tan~ 1 ) - ii = ~ q~2Td

“~ - 1 v~’(o( - 1) J pH Q
0

The length L, may now be obtained by first solving foro~ in equatior~

for specific values of ~ , Td, p, H and Q , and then, with the value

a~ obtained, equation may be solved for L.

2.2 Drawdown associated with Abstraction of Water

The next step is to obtain the drawdown, S, of the well face resulting from

abstraction. The total drawdown is given by S.~. = S + ~S, where S is

the drawdown due to a fully penetrating well, and S is the additional

correction required if the well is partially penetrating (Todd, 1980). The

drawdown, S0 = h~ - h2 , h~ and h2 being the saturated aquifer depths at

the well face before and after abstraction begins respectively.

h1 ~ L + H
2 ~2

(i:—) + H2
0

As = QQ (~. ~ in (1 p)h (after Todd, 1980)

2ITKH p 2r
0

p is the ratio between the length of the well and the saturated aquifer

.

I
2q L

h2 =j K
Qo

2-fIK in
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depth H. Thus there are several factors that affect the th’awdown at the well

face, but the most important, from equations to , are that the value

of Q is particularly important, as is the distance L. Furthermore, where

the well is a partially penetrating one, the shorter the permeable length of

the well in relation to the depth H, the greater the additional drawdown I.~S.

2.3 Induced Infiltration to Galleries

There are two main components of flow to galleries, as with wells. These

S are the river water, and groundwater components. These are shown in Fig.

2.8 below.

~ q~~~)t•

(t~e~j

Fig. 2.8 Abstraction of Surface Water by means
of a Gallery (Huisman, 19~3)

From the information that Td = pHL/q0 , (Huisman, 1983)

and = q L/KH (~j)(Huisman, 1983)

= + = KHS,ft,

2 / K
.. L = q / (q + q~) I S Td

Obtaining q~ in terms of q to eliminate it from equation

~ , and assuming that q q~
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L2...~- o.8 KJ
— /pSoTd

Hence ~ O.9J~/p STd -. (Huisman, 1983)

2.4 Infiltration from Basins to Galleries

In the case of basins, the flow of water need not be divided into two components

as for induced infiltration, as the directions for both the surface and natural

groundwater are similar, and equal to q . Apart from this qualification,

the same conditions prevail as for Induced infiltration in Section 2.2. Thus,

in equation ~ instead of q , q
0 may be substituted,

• L
2 = q J K! S T

oz ‘p o d
/ ~ ÷

;.L=Ji7~d

2.5 Drawdown Associated with Abstraction Galleries

The drawdown associated with galleries at any one point is less than for wells,

for the same abstraction rate Q, as in the case of galleries, the abstraction

is spread over a longer distance. For this study, a standard drawdown S
0 has

been chosen, 1.5m. However, this value, as for wells, must take account of the

effect of galleries that do not fully penetrate the aquifer (the general case).

In addition, there is an implicit assumption in the equation for L, that S0

is for a gallery of infinite length. This is obviously not the practical

case, and a correction r’.ust be made for this also, particularly as the gallery

lengths for small communities are likely to be very short. The correction
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for partial penetration has the effect of increasing the drawdown above 5,

but this depends primarily on the value of q , and for the small values of

q , being considered for small communities, this is not very large.

Correction for partial penetration of the gallery however, has the effect of

reducing the drawdown to below the initial value. Thus, considered together,

the resultant drawdown would remain at approximately l.5m or less. However,

an additional depth of 0.5m may be added as an extra precaution, with the

result that the gallery should always be sited at a depth below 2m of the

initial water table.
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CHAPrER 3

BACT~I0LOGICALAND CHEMICAL CHANGES IN SURFACE WATERS

DURING INFILTRATION

3.1 Water Quality ChangesDuring Infiltration

The point at which quality changes begin depends on the type of infiltration.

S For infiltration through basins, the process begins in the basin, with physical
processes such as sedimentation, and chemical processes occurring. There is

also the die—off of micro-organisms, including bacteria and viruses, associated

with the storage of water, even for short periods of time (Huisman, 1983).

For both induced and artificial infiltration, the entry of water into the soil

brings about quality changes which can be divided into two stages: changes in

the unsaturated zone above the water table, and subsequently, changes in the

saturated zone below the groundwater table. These nay further be subdivided into

biological and chemical changes. Biological changes begin with physical processes

to remove pollutants from the water onto soil particles, followed by the action

of bacteria on these pollutants to stabilize them to harmless end products

(Pincine and McKee, 1968). Chemical changes include oxidation—reduction, solution

precipitation, and ion—exchange reactions.

3.2 Flow of Water in the Unsaturated Zone

The flow of water---in the unsaturated zone is much slower than below the water

table. This is because in the unsaturated zone, water only passes through the

— 2~+—
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finer pores of the soil. Thus the water has a much longer contact time with the

soil than in the unsaturated zone (Lewis et al, 1980). As the degree of change

in water quality is mainly proportional to the detention time in the soil, this

implies that the unsaturated zone is the more important in the improvement of

water quality, and as such most of the upgrading of water quality takes place

here.

At the surface of the river bed or basin, solids, including bacteria, larger than

the pore diameter of the soil are retained on the surface. Under aerobic

conditions, bacteria will break down organic matter to form carbon dioxide,

ammonia, and other compounds (Metcalf and Eddy, 1979). Particles smaller than

the pore size of the soil, however, process further downward, where they may be

subject to settling on individual soil grains. As the total surface area of

the particles is extremely large, there is substantial scope for the removal of

micro—organisms, particularly bacteria, from the water (Huisman and Wood, l97Lf).

Those particles not removed by filtration or sedimentation may be removedby

absorption. This is particularly true for viruses, which are only a fraction

of the size of bacteria, and are therefore not easily removed by filtration.

Adsorption appears to be the main removal mechanismfor viruses (Lewis et al,

1980). It occurs either by electrostatic attraction or physic~al attraction to

slimes on the surface of soil grains (Huisman and Wood, l97~+).

In the case of viruses, their adsorption has been shown to be related to the pH

of the virus and soil, the presenceof positively charged ions, and the charge

of the viruses (Stum and Morgan, 1981). Organic matter, including bacteria

and viruses, usually have negative charges, and they are attracted to positively

charged soil particles. This process continues until the soil grains are

covered with the negatively charged organic matter, whereupon the soil grains,

due to their reversed charge, begin to attract positively charged particles such
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as Iron and Manganeseions. In this way, the reversal of charge continues,

each time removing more constituents of the water. Thus adsorption is a very

useful process for the removal of pollutants in surface waters (Huisman and Wood,

1974).

Bacteria in addition to decomposingorganic matter, are themselves progressively

decreasedin number. This occurs because, with increasing distance into the

soil, the supply of organic matter for use as food by bacteria decreases.

Thus the bacteria are forced into a state of endogenousrespiration, where they

consumetheir own cell tissue to survive, and after a while die off altogether

(Metcalf and Eddy, 1979).

The oxidation of organic matter by bacteria produces several end products, but

of these, the major ones include carbon dioxide, bicarbonates, suiphates,

phosphatesand nitrates. Nitrates are an end product of the oxidation of

ammonia. Both nitrates and ammonia however, in high concentrations, can be

harmful, and the balance between ammonia and nitrate concentrations in abstracted

water will depend upon whether aerobic or anaerobic conditions have been

prevalent.

For inorganic compounds, the most important processes are oxidation processes,

leading to precipitation within the aquifer, and ion exchange processes. Under

oxidation processes, important processes include the oxidation of soluble

ferrous and rnanganousions to insoluble Ferric and Manganeseoxides. These

precipitate within the aquifer (Sneigocki, 1963). Other reactions include the

precipitation of Magnesium and Barium as insoluble carbonates and suiphates

(Selm and Hulse, 1960).

The effect of precipitation may be either to reduce permeability within the
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aquifer due to the accummulation of solid deposits, or to cause clogging around

abstraction well or gallery (Warner and Doty, 1967). However, Bernard (1957)

observed no permeability reduction in an aquifer where water reacted with natural

groundwater containing a high concentration of iron (1000 mg/L) during recharge.

Of the precipitation reactions likely to take place, it can be said that Calcium

and Ferric compoundsare normally the most common (Huisman, 1983).

In practice, it will probably be the case that as the surface waters in tropical

countries have been assumedto be non—industrial, the probability of serious

chemical problems occurring within the aquifer is somewhat reduced.

A change that may occur in both the unsaturated and saturated zones is the ion

exchange reaction of clay minerals with sodium ions present in the surface water.

Clays occur very commonly in most aquifers. They form over 50% by volume of

sedimentary rocks (Weaver, 1958). In surface waters with a higher sodium

content than natural groundwater, clay minerals may adsorb the sodium minerals,

and either becomeswollen with water or form a suspension. In either case,

the swelling will have the effect of reducing permeability within the aquifer

(Sneigocki, 1963). The greater the clay content of the soil, the more severe

the effect will be, thus the effects of such a reaction should be considered when

the results of the initial borehole tests and chemical analyses of water are

known (Section 4.2). However, it nay be true to say that an aquifer with such

a clay content as to cause serious difficulties in this respect is not likely to

be very suitable as for infiltration from the point of view of initial permea-

bility alone.

3.3 Flow of Water in the Saturated Zone

In the saturated zone, the main characteristic is that there is a much lower
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oxygen concentration than before, due to the greater level of stabilization of

organic matter in the unsaturated layer. Furthermore, adsorption of particles

from the water is much less, as the state of saturation allows less contact

between these particles and the aquifer grains. While oxygen is still present,

the breakdown of substancescontinues as for the unsaturated zone. If the

oxygen supply becomesexhausted, however, anaerobic reactions begin to occur.

Among the more important of these are: the conversion of nitrates and nitrites

to ammonia, and, at a much slower rate, carbonaceous material to carbon dioxide

and methane. Bicarbonates are also converted to carbonates, and the precipi-

tation of calcium carbonate, for example, means the water becomes less hard.

However, accompanying anaerobic changes mean the process is, overall, a dis-

advantage, resulting in the deterioration of water quality. The aim should

therefore be to ensure that there is enough oxygen to last the detention time

of the water underground.

3.4 Oxygen Sufply During Infiltration

The presence or absenceof oxygen during infiltration has been shown to determine

the nature of reaction products, and therefore the characteristics of abstracted

water. Factors that determine whether or not anaerobic conditions will occur

are:

(1) The oxygen content of the surface water;

(ii) The oxygen present in the unsaturated zone;

(iii) Concentration of organic matter in the surface water;

(iv) ‘,Jhether there is any significant organic matter forming part of the

aquifer (Huisman, 1983).
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For rivers in developing countries, there are a number of problems, in that as

the saturation concentration of oxygen in water decreaseswith increasing tempera-

ture (Metcalf and Eddy, 1979), the rivers will have a low dissolved oxygen

concentration. In addition, they are likely to be highly polluted, and will

therefore have a high organic content, which in turn exerts a high oxygen demand.

There are two approachesto the problem of Insufficient oxygen. One is to

decreasethe oxygen demandof the water, and the other is to increase the oxygen

supply. However, neither of these methods is relevant to induced infiltration

by its very nature. The solution in the case of induced infiltration i~sthere—

S fore to keep the detention time to the minimum deemed necessary to achieve a

satisfactory improvement in the water supply. If this does not work, some

simple form of post treatment of the water may be necessary, but only if the

problem is serious, and the method of treatment is as simple as the initial

induced infiltration process.

Where infiltration is through basins, however, there is more scope for increasing

the supply of oxygen. It is necessary to bear in mind, however, that the

penetration of oxygen from the atmosphereinto the soil is limited to only a

cou~leof metres or so (Pincine and McKee, 1968), and this determines the total

distance over which maximum aerobic activity is likely to take place.

Decreasing the organic content of the water may be achieved by screening suspended

water from the raw water (Section 4.12). Where the oxygen content of the water

is to be increased, there are two main methods. The first is by having basins

sited high above the groundwater table, so that in the distance between the basin

and groundwater table, a larger amount of oxygen may diffuse into the soil than

otherwise (Bize~ 1979). However, oxygen uptake by this method can only be a

slow process, as diffusion is slow (Huisman, 1983).
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Another, more effective method, is by operating basins intermittently, with

resting periods where the basin is allowed to dry out. When the basin dries

out, oxygen is able to enter the soil from the atmosphere, and this, with the

accompanying lowering of the groundwater table due to the cessation of infil—

tration, results in additional oxygen entering the soil. This is equivalent

in volume to the displacement of water under the basin (Huisman, 1983). Inter-

mittent infiltration also allows the aerobic degradation of’ organic matter on

the basin surface by bacteria to take place, and reduces the incidence of

clogging of the basin. The lengths of use and resting periods for basins are

S normally determined by trial and error. However, after a resting period, in
subsequent flooding of the basin, a period of time is required for the maximum

rate of infiltration to be achieved. It is therefore advisable that the wet

and dry cycles for basins should not be too short. The important source of

increased oxygen supply in basins is from the photosynthetic activity of algae.

Algae grow rapidly under tropical conditions, and during the day, when photo-

synthesis occurs, large amounts of oxygen may be produced, increasing the

concentration of oxygen in the water. This is to some extent offset by the

consumption of oxygen by algae during the dark, in respiration, when oxygen

production has ceased(Huisman, 1983). However, algae do provide a net benefit

in oxygen production.

3.5 Nature and Causesof Clogging in Infiltration Basins

Clogging of infiltration basins leads to a reduction in infiltration rates.

Clogging may occur from three main causes. These are: the accumulation of

suspendedmatter at the basin surface, biological solids build—up beneath the

basin, and clogging due to the nature of the soil surface (Berend, 1970).
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Clogging from suspendedsolids can be reduced by screening out suspendedsolids,

referred to earlier, and by making sure that additional suspendedsolids from the

basin surface do not enter the water. This can be done by protecting the water-

line of the basin with slabs if necessary (Berend, 1970).

Clogging from the nature of the soil may be prevented in the first instance, if,

during construction of the basin, care is taken not to compact the soil surface.

Biological clogging is rather less simple. Wood and Bassett (1975) have

attributed it to the accumulation of anaerobic bacteria just under the basin.

They suggest that as anaerobic bacteria are not so efficient at using dead cells

and wastes, there is an accumulation of these materials. However, experimental

work by Okubo and Masumoto (1983) has revealed that both anaerobic and aerobic

bacteria can be responsible for clogging. It would seem that whichever solution

is most likely in practice, the most that can be done is to reduce the incidence

at least of anaerobic bacteria by preventing anaerobic conditions from developing.

In all cases of clogging, however, as it occurs mostly at or just below the

basin surface (Bouwer, 1970), the precaution most commonly used is to include

in the basin a removable sand layer within which clogging can occur.
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CHAPT~ +

DESIGN OF INFILTRATION SYSTEMS

Lf.l Selection of an Infiltration System

The selection of an infiltration system depends largely on the hydrogeological

characteristics of the area adjacent to the surface water. The first step in

choosing an infiltration system, therefore, is to conduct a geotechriical

investigation of the area over which infiltration is to take place. As a

rough estimate, this may be taken as lOOm x 150rn as shown in Fig. k.i, though

the actual area for infiltration is likely to be considerably less.

The purposes of the investigation are as follows:

(i)

(ii)

(iii)

(iv)

To assess the most suitable system of infiltration;

To obtain a description of the geological profile of the area, and

depth of the aquifer;

To estimate the average saturated depth, H, over the area;

To acquire samples for laboratory tests for the horizontal permeability,~

K, of the soil, porosity, p. and the particle size distribution of the soil.

N

Fig. Lf.l Area for Geotechnical Investigation
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In addition to the geotechnicaj. investigation, it will also be necessary to take

measurementsof the width of the river, and obtain information on high and low

water depths of the river.

During the survey, samples should also be taken of the river water and ground-

water, to conduct chemical and bacteriological tests on the surface water, and

chemical tests on the groundwater. The purposes of these tests would be to

obtain information on the initial characteristics of the surface water, so that

it may be compared to the water abstracted at the end of the infiltration process.

Also, a comparison of surface water chemical content with groundwater would enable

S some predictions to be made as to the likelihood of significant precipitation of

compoundseither within the aquifer, or around the abstraction wells or galleries.

It is also necessary to know the oxygen content of the surface water, so that it

may be compared to the oxygen demandof organic matter in the surface water and

any organic matter in the soil.

From the overall results of the survey, some indication will be obtained of the

most suitable method for water treatment, in the light of the advantages and

disadvantages of each system as described in Chapter 1.

A discovery of massive clay deposits in the area of the survey, for example, may

mean that infiltration within the area would be unsuitable, in which case the

surface water may need to be transported elsewhere for infiltration. ~Ihether

this will be by pipes or channels will depend on the distance involved; channels

would be used for areas nearby, and pipes for long distances. However, pipes

should be avoided wherever possible. Alternat~vely, it may be that if the clay

deposits are near the surface of the ground, it may be possible to dig an infil-

tration basin deep enough to reach a layer of more permeable strata for infiltratior

If there is a possibility of clogging at the point of abstraction, infiltration
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galleries may be preferred to abstraction wells; provided, that is, the ground-

water table is within 5m of the ground surface. Galleries may also be chosen

instead of wells if the aquifer is of a narrow width.

In this way, the results of the survey help to determine the most suitable

form of infiltration to be used.

~+.2 Geotechnicaj. Investigation

Initial information on the geology of the area may be obtained, in some cases,

from geological maps from the Ordnance Survey Department, and this will provide

some indication of the general characteristics of the soil, and of suitable

spacing of boreholes for the survey. Boreholes should be deep enough to

establish the depth of the aquifer. From the boreholes, records may be made

of the type and depth of different strata, noting any special features, such as

clay lenses, that might have a marked effect on the overall permeability of the

soil. Representative samples may also be taken from boreholes to obtain values

for horizontal permeability, porosity, and particle size distribution tests as

mentioned in Section ~.l.

Particle size distribution analyses will be used in the classification of

unconsolidated material. ~!here infiltration galleries are to be used for

abstraction, they are needed to determine the need for a gravel packing, and

the size of gravel to be used.

+.3 Basis of Design Calculations

The principal factors to consider in design relate to improving the raw water
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quality to a point where it is suitable for use as drinking water, and to main-

tain a steady flow of water from the surface water source to the point of

abstraction.

There are three main parameters that control the dimensions of the infiltration

system. The first is the detention time of surface water underground. The

length of time that the surface water remains underground before being abstracted

will determine the extent to which the water quality is improved, as the

upgrading of water quality has been shown, in Chapter 3, to be a function of

time. Values used in design are normally empirical, based on experience at

similar places elsewhere.

Hasnoot and Leeflang (1970) have given values of 40—80 days for infiltration

systems in Holland, and Winquist and Mazehurst (1970) suggest a period of 200

days as a suitable figure. However, the advantage of long detention times

must be balanced against the possibility of anaerobic conditions developing

within the aquifer. This is particularly so for tropical surface waters, which

are characterised by a high level of pollution, and a relatively low concentration

of dissolved oxygen. The detention time used for design in this study is taken

as 80 days.

To maintain a steady flow of water during infiltration, it is necessaryto

prevent excessive clogging of the river bed or infiltration basin. In the case

of rivers, accumulated material on the river bed may be carried away by the

water, particularly during periods of high flow (IRC, 1981). However, for

infiltration basins, clogging will lead to a marked reduction in the infiltration

rate, requiring cleaning of the basin. To keep the number of times cleaning is

required to a minimum, a low infiltration rate is required; however, it must

not be so low that a large basin area is required for infiltration. Edworthy
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and Downing (1979) report an infiltration rate of O.36m/d for lagoon recharge,

and Berend (1970) suggests0.2 - 2m/d as the most practical range of infiltration

rates. Furthermore, the higher the initial rate of infiltration, the more

rapid the rate of clogging. The high level of suspendedsolids in tropical

river water also aggravates the problem of clogging. The design value for

infiltration into basins is therefore taken as O.4m/d. Similarly, abstraction

wells and infiltration galleries may be subject to clogging, from chemical

deposits or from the accumulation of aquifer material within infiltration pipes.

The design of wells and infiltration pipes takes into account these possibilities,

and keeps their occurrence to a minimum.

S
There is also a need to take account of the drawdown associated with the

abstraction of water. There may be a legal requirement to keep the lowering

of the groundwater table to a specified value. \Jhere this occurs, the value

will depend very much on local groundwater levels, and the use to which ground-

water may be put. An allowable maximum of l.5m drawdown has been chosen for

the design tables in the Appendix. A lower value would mean shorter distances

for infiltration, given that for induced infiltration to galleries, for example,

L = 0.9j~S0 Td

Thus, if K, p, and Td remained constant, L is proportional to ~ , the maximum

drawdown. The danger of short distances for infiltration is that there is a

possibility that some of the surface water, by taking the shortest path between

the surface water source and abstraction point, may not be sufficiently improved

in quality.

The drawdown at the point of abstraction also determines the minimum depth at

~ihich abstraction galleries and wells must be situated. For this purpose, it

- 36 -





is necessary to correct the maximum th’awdown to take into account partial pene-

tration of wells and galleries, and the finite length of galleries as referred

to in Chapter 2.

In the following sections, the use of design information in the form of tables

and equations will be discussed for induced infiltration and infiltration via

basins.

4.4 Choice of Variables for Design Tables

S
Tables are given in the Appendix for the estimation of distances over which

infiltration will take place, and in the case of infiltration basins, also for

the width of the basins, VI, and the flow of water per unit length of infil-

tration from basins to galleries,%

In compiling these tables, it has been necessary to make some assumptions about

the likely practical values for variables. The range of permeabi1it~es,K,

taken as 0.5 - 100 m/d, is an interval covering materials of moderately low

5 permeability such as silt and clay mixtures, to highly permeable material such

as sand and gravel mixtures (Todd, 1980). Outside this range, the permea-

bilities may either be too low to yield appreciable quantities of water, such as

massive igneous rocks, or else too high. Moreover, it is unlikely that highly

permeable material above 100 m/d would be found uncombined with other, less

permeable material.

For the saturated aquifer depth, H, used in the calculation of q~,a value of

lOm has been taken as being the most convenient base from which q0 for other

saturated depths may be calculated. This is because the saturated depth may
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be as high as 30m or more. For a value of H equal to l5m, for example, the true

value of Q0 will be 1.5 times that given in the table.

Values for porosity, P, have been taken as ranging from 0.30 to 0.50, by

examining mean values for the porosity of various geological materials

(Johnson, 1967). In the calculation the lengths for induced infiltration to

wells (Section 4.6), q~, the flow per unit length of infiltration for natural

groundwater to the abstraction well is dependent on the aquifer width, ~J, and

residual rainfall, P. As qn~ PJ/2, ~n has been given values for a range of

aquifer widths from Id = 5km to ~ = 20 krn, and P has an average value of 600

mm/year.

4.5 Induced Infiltration to Galleries

9ouiofn’v~r

Fig. 4.2 Induced Infiltration to a Gallery

Huisnan, 1983)

Initially, the distance, L, between the river and infiltration gallery must be

established. This is given by Table Al in the Appendix. For values of

permeability and porosity obtained from the geotechnical investigation, given

a detention time of 80 days and maximum drawdown of 1.5m, the value of L may

be read from the table. The required length of the infiltration gallery is

given by B = Qo/ qo’ where B is the length of the gallery in metres, Qo is

the required abstraction rate of water in m3/g, and qo the flow per unit

aquifer width in m2/~.
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The value of Qo is C x ~, where C is the consumption of water per head of

population, and ~ is the population for which the system is designed.

To calculate the length B, Qo must first be estimated from information on water

use by the community, and a projection of future water demand. The flow of

water per unit length of infiltration, q~,, may be obtained from Table A1-f in

the Appendix, by using the same values for K and p as in the determination of

L. As explained in Section 4.4, these are values for H lOm, and q
0 may be

adjusted for different values of H, the saturated aquifer depth.

The detailed design of infiltration galleries is given in Section 4.9.

4.6 Induced Infiltration to Wells

Fig. 4.3 Induced Infiltration to a Well
(After Bize, 1979)

The distance, L, between the river and the abstraction well, may be obtained

from Table A2. In this case, the distance L has been obtained from two

equations given in Chapter 2 for induced infiltration to wells. These are:

(i) 1~ c3~

~ (tan

-1 1
___ - = ~qn~ pH~
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and

(ii) L = Qo/ ¶to(q~

For equation (i), pH, Ta are constants. Porosity, p, is presumed constant

becausewithin the range of 0.30 to 0.50 it will not significantly influence

the value of ~( . Similarly, H has a constant value of 3Gm, which should be

adequate for shallow aquifers.

The length, L, may therefore be obtained for different combinations of Qo and

q~. ~ocovers the range of requirements of populations from 100 to 10,000

people, with a per capita consumption of 50 litres per head of water.

Theseare to be found in Table A2.

Having established the position of the well, the drawdo~’nof water in the

vicinity of the well must be calculated. This will indicate the minimum

depth to which the well must be sunk. It is important to keep the screen

length of the well always below the ground@ater table, to ensure that oxygen

does not enter the well and cause the precipitation of chemical deposits around the

screen. The method for calculation of the drawdown associated with wells

has already been described in Chapter 2.

Drt~flnqe

InRftvcztmi Bos;bn5
/

/1

Fig. 4.4 Infiltration BasinsC.SndTwo Parallel Galleries

4.7 Infiltration from Basins to Galleries

‘V
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The distance bwtween the outer edge of the basin and either of the galleries,

L, is the length L, where L = Jk s0 Td/p

For any given scheme, this value may be obtained from Table Al, using the

vilues of permeability and porosity characteristic of the area, where the

scheme is to be situated. Here, as in Section 4.5, the detention time, Td,

is 80 days, and the maximum drawdown at each abstraction gallery, So, is l.5m.

The length of the spreading basins is equal to the adjacent gallery length,

which is calculated in a similar way to that for induced infiltration in

Section 4.~. However, in this case, B = ~ ~ as the abstraction of

water per unit length of infiltration is doubled with the presence of two

galleries. To obtain q0, the same Table A
4 may be used, as for induced

infiltration and basin infiltration is approximately equal. The same principle

for correcting qo to suit different saturated aquifer depths applies here.

Thus by obtaining B, both the gallery and the basin lengths are known. The

basin width depends on the infiltration rate chosen for the entry of water from

the basin into the soil. Values representing the basin width are to

be found in Table AS. These are based on the relationship

2x 3xwidthofbasin= 2xq
0

(0. 40/86400)

where 0.40/86400 is the infiltration rate in m/s. As the operation of basins

is significantly improved by intermittent operation, and bearing in mind also

the need to clean the basins, it is necessaryto provide a second basin of

equal capacity. This can be done simply by doubling B, the length of the

original basin, to allow for a secondbasin, such that the two are laid end to

end, abbutting each other, as shown in Fig. 4.4.
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The depth of the basin is chosen as a compromise between one that is too deep,

in which case it is difficult to drain (that is, unless there is easy access

to the river from which the water is drawn), and making it too shallow which

makes it more susceptible to the growth of rooted aquatic plants (Huisman, 1983).

Izatt et al (1979) in their report on lagoon recharge state that a depth of 2.5m

was used for the lagoons. This figure is about as deep as is possible without

encountering the problem of drainage mentioned earlier. It is suggested that

a figure of 2m total depth of basin will be adequate in tropical climates, made

up of an excavation depth of lm and an earth embankmentim high.

Sand is used to line the basins, to prevent clogging taking place in the upper

layers of the aquifer where it cannot easily be removed, and also to allow for

an adequate infiltration rate. The sand layer may be from 500-700mm thick

(Frank, 1970), and should be made up of uniformly graded sand.

The design of river intakes ~d channels to transport the raw water from rivers

to basins is discussed in Sections 4.12 and ~i.13 respectively.

4.8 Modification of Infiltration Systems for Iron and Manganese Removal

‘~‘Ihi1e infiltration systems do give a substantially improved water supply, there

may sometimes be specific problems with high Iron, and to a lesser extent

Manganeselevels in the water. Although bacteriological criteria generally

override aesthetic and similar requirements for water in developing countries,

it is necessary for the water to be appealing enough for consumers to use.

Excessive concentrations of Iron and Manganesemay give the abstracted water an

unpalatable taste and add colour to the water (AWWA 1980). Furthermore, Iron
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fixing bacteria may be induced to grow and form deposits in the water distribution

system.

The highest desirable concentration of Iron (ferrous) is 0.1 mg/L, and for

Manganese0.05 nig/L (wHo 1971). Where much higher concentrations are present

in the abstracted water, some attempt must be made to reduce these elements to

an acceptable level if the water is not to be unfit for use.

The main criterion is to find a method that is in line with the simplicity of

S the original infiltration system; otherwise, the advantages of infiltration
over other methods of water treatment will be diminished. Aeration of

abstracted water is often used to treat such water, but aeration alone is not

always sufficient. There are times when it is not possible to achieve the

desired oxidation of Iron or Manganese compounds to precipitates (IPC, 1981).

e—~r~.tiLtr~t~or •~f ~ ~ .,j’t..~r Iriu:~i

Infiltration to a Well (Agerstrand, 1979)

Agerstrand (1979) reports on a method which significantly reduces the concen-

tration of Iron or Manganesecompounds, and a diagram of the method is shown in

Fig. 4.5. The method was developed by Consulting Engineers at Viak in Sweden.

The principle of the method is that water abstracted by induced infiltration to
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wells is then pumped to infiltration basins, where, after passing through an

aeration cascade, the water flows into infiltration basins from where it re—

infiltrates into the ground. When the water is again abstracted, it has an

appreciably lower concentration of Iron and Manganese ions in solution. Where

there are particularly high concentrations of Iron and Manganese(above 0.5 mg/L

and 1 mg/L respectively), a pre—filter containing 30-50mm macadam, with a

detention time of up to 30 minutes, is used. This has the effect of prolonging

the running time of the basins. Fig. 4.6 is a sketch of the filter system

used in the re—infiltration system.

S

Fig. 4.6 Pre—Filter Used for Water with High Concentrations of

Iron or ManganeseCompounds in Solution (Agerstrand, 1979)

S The purpose of re—infiltration is to allow the water a sufficient retention time

for the oxidation process to take place. This is because it is a time dependent

reaction (~!arnerand Doty, 1967).

The infiltration basins become clogged with Iron and Manganeseprecipitates in

time, and to minimise this tendency, the basins are run interciittently, as with

the normal operation of basins, with a drying time of 6 — 24 hours between runs.

Then the water level rises to 0.5m, the basin is cleaned by removing the sand

layer. The detention time of water during re-infiltration is 14 days for one

Swedish plant, and after this time, the soluble Iron concentration was found to
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have been reduced from 3.9 mg/L to less than 0.09 mg./L, and the Manganesefrom

0.21 mg/L to 0.01 mWL, well below recommendedWHO standards.

A slightly modified form of this treatment process will be suggested for use

in developing countries. There are two main adaptations. These are that

aeration is by means of a Venturi Meter instead of a cascade, and that it may

be preferable to accept the need for more frequent cleaning as opposed to using

a pre—filter of macadam. A diagram of the Venturi Meter is shown below in

Fig. 1k.?.

S
4.9 Design of Re—Infiltration Systems

The design of re—infiltration systems will follow the same basic rules as

described earlier in this chapter from induced and basin infiltration. The

difference in the case of the basin is that it receives pipeborne aerated

water instead of surface water through an open channel. Detention time for

re—infiltration however, should be much shorter than the original process, as

most of the reduction in soluble Iron and Manganesetakes place in the basin.

Furthermore, pathogenic bacteria and other undesirable constituents of the water

would already have been reduced to an acceptable level during induced infil-

tration. If the detention time of 11-f days for the Swedish example is used,

the distance between the basin and abstraction systemwill be reduced accord-

ingly. This may be done by multiplying the distance obtained with a detention

time of 8o days by a suitable factor. Where the abstraction system is a

gallery, L = fk/S~ ~[i , with a reduction of Td from 80 to 14 days,

where 80/ 14 = 5.71, L’ = ~ ~ fTd/
5.?l from which Td/S?l/ 0.42.

Thus L-’ = 0.42 L, where L’ is the distance of infiltration for a detention

time of 14 days. Thus to obtain the distance between the infiltration basin
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AERATEDWATER

Fig. 4.7 Venturj Device for Aeration (IRC, 1981)

and the abstraction gallery, the distance in Table A3 must be multiplied by

8.42. Fig. 4.8 below shows the arrangement for such a system, in which the

abstraction gallery is on one side of the basin only. To obtain the basin

width, this must be taken into account. Table AS in this case will represent

two times the full basin width. This is because, whereas in the case of

the basin with two galleries, 2w = 2 q~/(O.4 x 86400). 2 q is replaced

here by q, and therefore w = q~, /(0.Lf x 86400), w’ being the full width

of the basin for re—infiltration. All other details of the design process

remain the same as described in this chapter for the initial process.

~
Fig. 4.8 Re-Infiltration of Water to an Abstraction Gallery
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4.10 Design of Infiltration Galleries

Galleries are normally suitable for shallow aquifers (Buss, 1981). They may

be laid at depths of up to 8m below ground (Bennett, 1970). They are also

useful where the aquifer is of narrow width (IRC, 1981). The galleries consist

of slotted, or open jointed, pipes laid in trenches and surrounded by a gravel

packing. The material for pipes should be such that they are not attacked by

chemical constituents of subsurface water. When this is taken into account,

the type of pipe chosenthen dependslargely on local availability. Suitable

pipe materials are: stainless steel, vitrified clay, and plastics, all of which

are suitable for slotting. The choice of gravel diameter and slot width is

determinedby the following relationships (Bennett, 1970):

(i) The particle size distribution curve for aquifer material should be

fairly similar to that for the gravel pack;

(ii) D for the filter

D
8, for aquifer grains s

(iii) D85 for the filter 2 -

Slot width of pipes

Dx for any material is such that 4~by weight of the material is smaller in

diameter than this value. Slot lengths, however, can be of any magnitude

compatible with maintaining the structural strength of the pipe.

To obtain the filter size, it is necessary first to choose a convenient slot

width of a few millimetres, and then calculate the gravel pack diameters based

on the equations and above, using the boundary conditions. The gravel

pack may need to be two or more layers of differently sized gravel, dependingon

- 47 -





the size of aquifer grains.

As an example, for a pipe with slots size 5mm x 5mm, to be laid in a sandy

rt aquifer with grain size D85 = 0.25mm, the coarsest gravel layer, from equation

must have a size D85 = 2 x 5mm = 10mm.

From equation ~, D15 for the filter = 5 x 0.25mm = 1.25mm. Thus the first

layer of the pack has a size D5 = 1.25mm. If D85 for this pack is, say, 2.10mm

again using equation ©, 5 x 2.10 = 10.50mm Thus, for the second filter layer

D15 = 10.50mm. D85 will therefore be greater than this. As the coarsest

gravel size required is one where ID85 is at least 10mm, this size satisfies the

conditions. The gravel pack will then be made up with the finer layer closest

to the pipe. This arrangement is shown in Fig. 4.9, with the minimum thickness

required for each layer. Where slotted pipes are not readily available, open

jointed pipes present a much simpler solution. The method of sizing the gravel

pack is the same as for slotted pipes, with the joint width equivalent to the

slot width in calculations. For a total openable area of approximately 20%,

a metre run of pipe may be composedof twenty 50mm long pipes with 10mm joints

between them. When pipes cannot be ordered in such lengths, they can be cut to

S
suit the purpose. In this respect, plastic pipes would be the best choice,

followed by vitrified clay pipes.

The pipe diameter is chosen on the basis of the flow of water expected, the fall

to which the pipe is laid, and the velocity of flow required. The minimum

recommended velocity to prevent the accumulation of deposits within the pipe

is 0.5m/~ (IRC, 1981). For water collection a sump is needed, at the lower end

of the gallery from which water can be pumped. Where the sump is only required

for water collection and occasional gallery maintenance, a size of 0.80m x 0.
80m

should be sufficient. For very small communities of, say, 500 people with a low
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water demand of 30L/h.d, the sump can be made large enough to act as a storage

tank, for 50% of the total daily water demand. This can then cover periods

of maximum water demand during the day.

Fig. 4.9 Infiltration Gallery Design

1~L~1icp~’Q0F’~’S6ukt~.

4.11 Design of Wells

The design and construction of abstraction wells for induced infiltration

follows the same principles as design for wells receiving natural groundwater

alone. These are well documentedin specialist publications, and are not

covered in detail in this study.

4.12 River Intake Devices

For the transportation of river water to infiltration basins in open channels,

the detail at the junction between the river and channel will depend mainly on

the high and low water levels in the river. \~1here the difference between the

two levels is not very great, it is possible to have the channel leading off

from the river, with a dam of fine gravel, 5mm effective diameter, at the

I5O~’
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entrance to the channel, about 100mm thick. This should ensure that larger

suspendedso]idsparticles do not enter the channel. Where the difference in

river levels is so large that allowing for low water levels would result in a

channel too deep for the spreading basins, provision may need to be made for

pumping the water up to a higher channel level, during the periods of low

water flow.

4.13 River Water Transportation

The design of open channels for transporting river water to basins is based on

the flow of water required through the channel. Unless the channels are cut

in an impermeable layer of soil, they must be lined. As clay is most likely

to be available, it is recommendedthat this should be used as a lining.
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CHAPTER 5

OPERATION AND MAINTENANCE

5.1 General Operation of Plant

Day to day operation of any infiltration system chosen is a straightforward

process. It consists of checking to see that the abstraction pump is in

working order. It is also useful to make a daily visual check on the turbidity

of the water. Sudden increases in turbidity may be a sign that fine particles

from the aquifer have entered the gallery or well, due to failure of the gravel

pack or screen to retain them. In a well—designed abstraction system, this

should not normally happen. However, where it does occur, the gallery or well

must be cleaned out. The cleaning of galleries and wells is discussed under

Sections 5.4 and 5.5 respectively.

5.2 Tests for Water Quality

Water quality tests are in a sense the test of the whole infiltration system.

In the final analysis, the abstracted water must meet the statutory requirements

for small community~ supplies in the countries where they are situated.

WHOrecommends, for small communities of up to 20,000 people, at least a bact-

eriological check on the water, preferably once a week, but at least once a month

(wiro, 19Th). In addition, it is advisable that if the galleries or wells are

cleaned, this should be followed by bacteriological testing.
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A simplified chemical examination of the water may be undertaken at the same

time as the bacteriological examination.

5.3 Operation of Infiltration Basins

Basins will normally be run in pairs, intermittently. The shorter the wet

and dry cycles, the more oxygen is taken into the ground, as discussed in

Chapter 3. However, as each basin will need to be shut off manually, the

cycles should not be too short. Bouwer (1970) reports on infiltration plants

where cycles range from 2 wet days/3 dry days, to 14 wet days/lO dry days.

Rather longer drying cycles would however be simpler to operate. Cycles of

at least 14 days, wet and dry, and at most monthly wet and dry periods, are

likely to be more suitable to small plants in developing countries.

When a basin is to be taken out of use, access to the channel should be shut off

by putting a plate across the entrance to the channel, so that water flows into

the adjacent basin. The basin should then be left to dry out naturally; ‘.,here

the water level is high, and the basin has becomebadly clogged, some of the

excess water should be able to drain away through drainage holes provided in

the surrounding embankment above the normal head loss expected, say 0.5m above

ground level. So for a basin with lm deep excavation, water in excess of a

l.5m depth will be drained off. When after a number of cycles, a basin requires

cleaning, as much of the sand layer, after drying out, can be removedas

necessary, and the sand replaced. This operation should not need to occur very

often, but the number of times it is necessary is very much dependent on the

nature of the river water, though intermittent basin operation reduces the

number of cleaning times required.
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In addition to cleaning the basins, the gravel darn at the entrance to the

channel must be cleaned at regular intervals, to maintain a steady flow of

water from the river to the channel.

5.4 Maintenance of Galleries

Galleries do not require regular maintenance, but when they are clogged with silt,

or chemical deposits, the result will be either a deterioration in water quality

or reduction in the quantity of water abstracted. In such cases, abstraction

from the gallery will need to be halted so that cleaning of the gallery may

take place. Where there are two sets of galleries, abstraction from the other

gallery will then provide continuing, though reduced, water supply.

Provided the gallery is not very long, say up to 2Om, cleaning should not be very

difficult. The sump should first be dewatered, and solids loosened from the

gallery by jetting water from a pipe lowered through the swap into the gallery.

Loosenedmaterial will then be washed into the sump, from where it can be

removed (Bennett, 1970). This method should take care of clogging of a physical

nature.

Where the problem is due to chemical deposits, it becomes rather more difficult

to resolve, as these have to be dissolved by various chemicals. By conducting

a chemical analysis, and comparing it to the results of previous ones, the cause

of the problem may be identified. For treatment of ferric, magnesiumand calcium

carbonates, Bennett (1970) recommendsthe use of a 15% solution of commercial

Hydrochloric acid, used in conjunction with an inhibitor, to prevent acid from

attacking the pipe. This can be applied through a small diameter perforated

pipe laid for the full length of the gallery. It should be left for at least
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eight hours, at the end of which the gallery may be pumped for some time, and

pH measurementstaken. When the pH has returned to its normal value, the

gallery will be ready for use.

Accumulations of organic slime can be similarly treated, with a chlorine dose

at a level’suitable for drinking water. In this case, the abstraction of

water for use can continue.

It can be seen, however, that the use of chemicals for cleaning reduces the

advantagesof the system, and even for occasional cleaning such as this, it

S may be difficult, if not impossible, for some communities to get the chemicals

required.

This is one of the main reasons why the design and construction of’ the gallery

is so important.

5.5 Cleaning of Wells

Wells are more likely to require cleaning than galleries, as water is abstracted

through a smaller total surface area. Cleaning is effected by pumping the well

at double the capacity (Hasnoot and Leeflang, 1970). This should loosen

accumulated particles which have adhered to the screen. Where clogging is due

to chemical precipitates, cleaning will need to be, as for galleries, by chemical

means. The disadvantages of this are the same~ and the likelihood of its

occurrence is rather high.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The previous chapters have evaluated a selection of the available methods of

infiltration used in water treatment, prior to the preparation of a handbook

for their design and operation. The methods have been chosen to cover as

wide a range of situations as possible.

There are five main stages in the development of an infiltration system.

These are: the preliminary survey of the infiltration area, selection of a

method of infiltration on the basis of survey results, design of the chosen

system, construction, and operation. At each stage, there are certain

important factors that must be borne in mind.

During the survey, tests and observations nust be carried out with reasonable

accuracy, otherwise at the design stage, very inaccurate results may be

obtained. In designing the system, it must be noted that the calculations

are an estimate, as they represent idealised aquifer and flow conditions

which do not prevail in practice. Proper construction of the infiltration

system has been shown to have an important effect on the operating efficiency

of abstraction wells and galleries. Similarly, the infiltration rate for

basins can be reduced if the basin floor is inadvertently compacted during

construction. Finally, in operating each method, basins need to be carefully

monitored, particularly in the early stages of operation, to ensure that the

most suitable time periods are chosen for cleaning. As regards infiltration

galleries, they emerge as a particularly suitable means of recovering water,

as they are highly unlikely to become clogged throughout their lengths.
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The water quality that emerges after abstraction is bacteriologically safe, and

provided it is of reasonable aesthetic appeal, should be suitable for distri-

bution to the community.

An important question that remains unansweredis whether, given the fact that

tropical surface water suffers from a relatively low dissolved oxygen content,

the detention time of the surface water can be decreased. The rate of

activity of micro—organisms increases with an increase in temperature, and the

unsaturated zone, where most activity takes place, is warmer than in temperate

countries. Thus, it may be that the same degree of upgrading can be achieved

with a shorter detention time. This, however, is a question that can only

adequately be answered by the operating experiences of any systems that may

be set up in developing countries.

There is, nevertheless, enough information at present to provide an adequate

basis for design and operation. A lot, however, still depends on the judge-

ment of the individual designer. The essential design principles drawn from

the study have been incorporated in a simple handbook for the use of Engineers

in designing infiltration systems. It is not an exhaustive description of

the system, nor does it attempt to identify every problem that may arise.

What it does is to set out the basic descriptions of the selected systems, and

the method of their design, with advice on general and s~ecia1operating and

maintenancerequirements. Local conditions may vary considerably, but it is

hoped that the handbookwill provide a framework within which the information

can be adapted where necessary to suit local needs.
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HANDBOOKFOR THE DESIGN OF

SURFACE WATER INFILTRATION SYSTEMS

FOR DEV~~OPINGCOUNTRIES





LIST OF SYMBOLS

2

A Area (m)

B Length of Basin, Gallery (m)

C Consumption of water per head (m3/h.s)

H Average saturated aquifer depth Cm)

h Aquifer depth at a distance x from the river Cm)

K Coefficient of permeability Cm/day)

L Length Cm)

P Residual Rainfall Cm/s)

p Porosity Cdimensionless), penetration fraction Cdimensionless)

Flow of water per unit aquifer width Cm2/s)

Flow of surface water per unit aquifer width Cm2/s)

Flow of natural groundwater per unit aquifer width (m2/s)
Q Flow of water from a well (m3/s)

P A constant

r Radius of well

Maximum allowable ~awdown of water level Cm)
AS Additional drawdown in level due to partial penetration of well Cm)

S~. Total drawdown including effect of partial penetration Cm)

Td Detention time of water underground (~)
V Velocity CnVs)

‘.1 Width of aquifer Ckm)

X Orthogonal co—ordinate

Y Orthogonal co-ordinate

ot A constant greater than 1
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LIST OF SPECIAL SYI2OLS FOR COMPUTER PROGRA~Th1ES

The following symbol changes have been made for the computer programmes:

= A

p = P

Q (Table A2)

q = Qi (Table P2)

q0 = Q (Tables A
4, AS)

S = S
0

Td T

vq = entry rate of water into soil (rn/s)





CHAPTER1

INTRODUCTION

1.1 Relative Advantages of Surface \Jater Infiltration

Surface water is often found in abundance in the wetter regions of the tropics,

where virtually all developing countries are located. For many communities,

untreated surface water in the form of streams and rivers are the only source

of household water supply. However, the water is often grossly polluted, and

requires treatment if it is to be safe for domestic use. Conventional

methods of water treatment are often inappropriate for small communities in

such countries, being both expensive to set up and operate. They also require

skilled personnel who will probably not be available within the community.

Groundwater is often used as an alternative source of water. It is bacteri-

ologically safe, and normally requires no treatment. It may, however, be

d~fficu1t and expensive to locate, or the yield may be poor. Occasionally,

the quality of the water may be such as to render it unfit for use. It is

therefore suggested that for communities where there is a perennial river or

stream, treatment of surface water by infiltration should be used.

In the infiltration of surface water, the water enters the ground either

directly through the river bed, or through a basin, ditch or well. It then

percolates through the ground until it reaches the groundwater table, from

where the water is transported, with the natural groundwater, for a period of

time, to the point where it is abstracted from the ground. The water that is

abstracted is therefore a mixture of ground and surface water. The treatment

facility is provided during the passage of the water underground, by a combination

of physical and biological processes, such that the water that is abstracted is
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much improved in quality and should meet the usual bacteriological and chemical

standards without further treatment.

The main advantages of surface water infiltration are:

(i) It provides a steady source of ~iater;

(ii) The water does not require chemical treatment;

(iii) The maintenance requirements of most such systems are minimal;

(iv) it is relatively simple to increase the capacity of the system.

1.2 Types of Infiltration Systems

There are several possible forms that infiltration systems may take. These

include infiltration directly through the river bed to an adjacent well, or

infiltration gallery for abstraction, or through basins, ditches or wells, as

mentioned earlier, with subsequent abstraction from galleries or wells.

Alternatively, galleries may be placed directly beneath the river, such that

river water travels a short distance vertically downwards to the gallery, from

which the water can then be recovered. The different methods each have their

advantagesand. disadvantages, and vary in complexity. From the above methods,

three of the simplest systems have been selected, and it is the design and

operation of these that will be explained further in subsequent sections.

They are: the infiltration of water directly from rivers to wells; infiltration

to galleries; and infiltration of transported river water through basins to

adjacent galleries.
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1.3 Induced Infiltration to Wells

Induced infiltration to wells takes place when a well, placed adjacent to a

river, is pumped. The result is a lowering of the water table in the vicinity

of the well, such that a cone of depression is formed around the well, and

this induces water from the river into the well, as well as some natural

groundwater. This situation is depicted in Figs. 1.1 and 1.2, which show the

direction of water flow before and after the installation of the pumping well

respectively.

,Ground surface
Water table

~

5 ‘~SRiver S
—~

~/‘ t \ ~_

wssssassssarka~rea

Fig. 1.1 Natural Pattern of Groundwater Flow

without PumpedWell (Todd, 1950

)

Fig. 1.2 Induced Infiltration Resulting From
Pumped Well (Todd, 1980)

The amount of water that is abstracted depends on the natural flow of ground-

water, the permeability of the aquifer, and the distance at which the well is

placed. The distance is influenced by the detention time of the water under—

.Water table

N

Irnpelcnejr,ie
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ground required to achieve a satisfactory improvement in water quality.

The drawdown of the water table at the well face produced by abstraction is

primarily related to the quantity of water abstracted and the permeability of

the aquifer. The higher the abstraction rate, the greater the fall in the

water table.

1./+ Induced Infiltration to Galleries

This method is very similar to the infiltration of water to wells described

under Section 1.3. Here, however, the water is recovered over a wider

horizontal distance. Fig. 1.3 shows a series of stages in the abstraction of

water from galleries where the water table slopes towards the gallery.

Fig. 1.3 Induced Infiltration to a Gallery

In the first instance, the flow of natural groundwater is towards the river.

Thus the river water is being augmented by natural groundwater. However, when

a small amount of groundwater is abstracted from the gallery, there is a

reduction in the amount of natural groundwater entering the river. With a

- river - gallery - - - -. - -

S~XXX~ YXXXX’XYYX> ->~~
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further increase in the rate of abstraction, the direction of flow of water

between the river and gallery is reversed, such that water from the river begins

to enter the gallery. Associated with the abstraction, there is also a corres-

ponding reduction in the water table around the gallery, as in the case of wells.

The advantage of galleries is that they are simple to construct, and they

normally require no maintenance, as opposed to wells, which may become clogged

with silt or other deposits occasionally. The quantity of water abstracted by

galleries also depends upon the hydrogeological characteristics of the aquifer,

and detention time of the water underground.

In the descriptions for induced infiltration, there is the implicit assumption

that the river bed is permeable. This must be so, otherwise it will act as

a barrier to the outflow of river water and infiltration will not take place.

1.5 Infiltration from Basins to Galleries

Infiltration by means of basins is an alternative choice to induce infiltration

when the permeability of the area adjacent to the river is too low to sustain

a steady flo~: of water. It requires the construction of shallow basins up to

im deep, with surrounding earth embankments. The basins are then lined with

a sand layer, and river water may be transported to them through open channels.

When water enters the basin, it permeatesthe ground in the same manner as for

the river bed in induced infiltration. The water then percolates down to the

water table and is transported, as described in Section 1.1. This method

requires regular maintenance of the infiltration basins, achieved by removing

the sand layer from the basin when it becomesclogged with suspendedmatter from

the river, for unlike the river, there are no strong currents to remove
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accumulated material from its bed. Becauseof the extra maintenancerequired,

and the need to construct basins and channels, this method must only be

considered where induced infiltration is not likely to be viable. Fig. i.’+

below is a section through a basin with two parallel galleries on each side.

•

Fig. 1.4 Basin Infiltration to Galleries

Sections 1.3 to 1.5 are an introduction to the infiltration systems that will

be discussed in the remainder of the handbook. Subsequent chapters will

describe the biological and chemical changesundergone by surface water during

its passageunderground, the method of design for each system, and its operation

and maintenance requirements.

.
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CHAPT~2

BIOLOGICAL CHEMICAL ASPECTS OF WAT~QUALIfl

2.1 Biological and Chemical Changes in Surface ‘dater Quality

Water quality changes begin at different stages, depending on whether infil-

tration is through basins or a river bed. In basins, micro—organisms, including

pathogenic bacteria and viruses begin to die-off during their short period of

S storage. When surface water enters the ground, either through a basin or

river bed, it first passesthrough the unsaturated zone of soil above the

groundwater table. Movement of water is much slower here than in the saturated

zone, and as improvement in water quality is related to detention time, most of

the upgrading in water quality takes place in the unsaturated zone.

There are two main types of processes that occur in the unsaturated zone. These

are biological processes, and chemical processes. Biological processes are

preceded by the removal of organic pollutants from the percolating surface

water onto soil grains within the aquifer, by filtration, sedimentation or

adsorption. This is followed by the breakdown of the organic matter under

aerobic conditions by bacteria. Filtration and sedimentation of particles from

the water occurs at the basin surface or river bed, and the largest particles

are retained here. Particles smaller than the pore size of the soil, however,

progress further downward, where they may settle on individual soil grains.

The total surface area of these grains is very large, and as such, there is

considerable scope for the removal of suspendedsolids from the water.

Particles not removed by filtration or sedimentation may be eliminated by

adsorption. Adsorption is a particularly useful method for the removal of

viruses from the water. It occurs either through electrostatic attraction or
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physical attraction to slimes on the surface of soil grains. Viruses are

usually negatively charged, and they are therefore attracted to positively

charged soil particles. This process continues until the soil grains are

covered with negatively charged matter, and the soil grains therefore take on

a negative charge, and begin to attract positively charged particles such as

Iron and Manganeseions. Thus, adsorption plays a significant part in the

removal of viruses and other pollutants. Bacteria also steadily decrease in

number with increasing distance becauseof the decreasein organic matter which

is their food supply. To survive, they are forced to consume part of their

own cell tissue, and after a while die off.

The breakdown of organic matter by bacteria results in the production of several

end products. The major ones include: Carbon dioxide, bicarbonates, suiphates,

phosphates, and nitrates. Nitrates are an end product of the oxidation of

ammonia, and both ammonia and nitrates are undesirable in high concentrations

in drinking water.

Chemical processes involve several simultaneously occurring reactions, the most

important being oxidation—reduction, solution-precipitation, and ion-exchange

reactions. Under oxidation reduction reactions, the most important processes

include the oxidation of soluble ferrous and manganousions to form insoluble

Ferric and manganeseoxides. These precipitate within the aquifer, and may

be found in the vicinity of abstraction wells or galleries, where these are

not fully below the groundwater table, thus allowing o~rgen to enter the

aquifer. For this reason, it is important that the galleries and the permeable

length of wells should always be located below the lowest possible level of

the water table, taking account of dry weather conditions. Failure to do so

may result in severe clogging of the abstraction system with chemical deposits.

Other possible precipitates include magnesiumand barium, in the form of

insoluble carbonates. The chemical processes that take place result in a
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steady breakdown of complex inorganic compoundsto simpler forms. This

process does not end in the unsaturated zone, but continues when the water

reaches the groundwater table, the beginning of the saturated zone.

In the saturated zone, there is a much lower oxygen concentration than before,

due to the fact that most of the available oxygen supply has previously been

used up in the breakdown of organic matter by bacteria. The rate of adsorp-

tion is also much less, as the state of saturation allows less contact between

particles in the water and the soil grains of the aquifer. ‘~~Ihileoxygen is

still present, the breakdown of organic and inorganic matter continues as in

the unsaturated zone. If the oxygen supply should become exhausted, however,

anaerobic reactions begin to occur. Among the most important of these are:

the conversion of nitrates and nitrites to ammonia, and at a much slower rate,

carbonaceous material to carbon dioxide and methane. Bicarbonates are also

converted to carbonates, and the precipitation of calcium carbonate, for

example means the water becomesless hard. Ho~~ever,anaerobic reactions

cause an overall deterioration in water quality, particularly with the re-

formation of ammonia. For this reason, it is important that anaerobic

conditions should be avoided wherever possible, by ensuring that there is

enough oxygen to last the detention time of water underground.

The biological and chemical reactions described above do not all occur to the

same extent. The types of reactions, and their relative significance in the

final composition of the water, depends on the original constituents of the

water. Generally speaking, surface water is much less mineralised than

natural groundwater, and the water that is abstracted being mostly composedof

surface water, will reflect this, with the chemical changesresulting in a

substantial improvement in water quality. The only exception to this would

be where anaerobic conditions have persisted for some time in the aquifer.
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Where bacteriological quality is concerned, however, the abstracted water should

be able to meet the Internationally accepted standards for drinking water

supply, set by the VTHO.

2.2 Oxygen Supply During Infiltration

The presence or absenceof oxygen during infiltration has been shown to have

an important effect on the overall water quality, and therefore the character-

istics of abstracted water. Important factors that determine whether or not

anaerobic conditions will occur are:

(i) The oxygen content of the surface water;

(ii) The oxygen present in the unsaturated zone;

(iii) Concentration or Organic Matter in the surface water.

For rivers in developing countries, there are a number of problems, in that as

the saturation concentration of oxygen in water decreases with increasing

temperature, the rivers will have a low dissolved oxygen concentration. In

addition, they are likely to be highly polluted, and will therefore have a

high organic content, which in turn exerts a high oxygen demand.

There are two approachesto the problem of insufficient oxygen. One is to

decrease the oxygen demand of the water, and the other is to increase the

oxygen supply. However, neither of these methods is relevant to induced

infiltration by its very nature. The solution in the case of induced infil-

tration is therefore to keep the detention time to the minimum necessary to

achieve a satisfactory improvement in water quality. Where infiltration is

through basins, however, there is more scope for increasing the supply of
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oxygen. It is necessary to bear in mind, however, that the penetration of

oxygen from the atmosphere into the soil is limited to only a couple of metres

or so, and this determines the total distance over which maximum aerobic activity

is likely to take place.

Decreasing the organic content of the water may be achieved by screening

suspendedwater from the raw water, and this is referred to in Section 19

Where the oxygen content of the water is to be increased, an effective method

is to construct basins in pairs and operate them intermittently, with resting

periods where each basin is allowed to dry out. When the basin dries out,

5 oxygen is able to enter the soil from the atmosphere, and this, with the

accompanying lowering of the groundwater table due to the cessation of infil-

tration, results in additional oxygen entering the soil. The oxygen is

equivalent in volume to the displacement of water under the basin. Inter-

mittent infiltration also allows the aerobic degradation of organic matter on

the basin surface by bacteria to take place, and reduces the incidence of

clogging of the sand bed in the basin. The lengths of use and resting periods

for basins are chosen to minimise the rate of clogging. However, after a

resting period, in subsequent flooding of the basin, a period of time is

required for the maximum rate of infiltration to be achieved. It is therefore

advisable that the wet and dry cycles for basins should not be too short.

Another important source of increased oxygen supply in basins is from the photo-

synthetic activity of algae. Algae grow rapidly under tropical conditions,

and during the day, when photosynthesis occurs, large amounts of oxygen may be

produced, increasing the concentration of oxygen in the water. This is to

some extent offset by the consumption of oxygen by algae during the dark, in

respiration, when oxygen production has ceased. However, overall, algae do

provide a net benefit in oxygen production.
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CHAPTER 3

DESIGN OF INFILTRATION SYSTEMS

3.1 Preliminary Survey

The selection of an infiltration system depends largely On the hydrogeological

characteristics of the area adjacent to the surface water. The first step

in choosing an infiltration system, therefore, is to conduct a survey of the

area over which infiltration is to take place. As a rough estimate, this

ma~be taken as lOOm x l5Om as shown in Fig. 3.1, although the actual area

for infiltration is likely to be considerably less.

Fig. 3.1 Area for Survey

Table 1,

addition

provides

useful if

site can

location

first two

is a need

establish

below, sets out the information required from the survey. In

to assisting in the choice of an infiltration system, the survey also

data which will be used in designing the chosen system. It is

initial information on the hydrogeological characteristics of the

be obtained before the survey, to assist in deciding the spacing and

of boreholes. In the absence of such information, however, the

or three boreholes, widely spaced, are likely to reveal whether there

for further investigative work. The essential requirements are to

the profile of the water table, and the overall permeability of the

N

‘K.
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TABLE 1

INFOR~ATIONRE~UIREDFROM SURVEY

General Bore~o~ea River

Topography

of

Land

Approximate

aquifer

width

Geological Profile

Direction of slope of

groundwater table

along x - x axis

(see Fig. 3.1)

Average Saturated

Aquifer depth, H

Depth to groundwater

table

Bacteriological

analysis of

water

Chemical

analysis of

water

Difference

betweenhigh

and low water

levels

Horizontal permeability

Particle size Distribution

analysis

Porosity, p





area, thus the geological information required is not very detailed. In the

case of the river survey, the analyses of water will provide a means of com-

parison with the abstracted water.

The determination of permeability is particularly important, and as such it

must be done as accurately as circumstances will permit.~ It is suggested that

it should be determined by laboratory methods, backed up by visual identifi-

cation of geological materials and the likely permeability range into which

they fall, as this is likely to be quicker and cheaper than conducting pumping

tests.

Particle size distribution analyses, in addition to assisting in the classifi-

cation of unconsolidated material, is also used in the design of gravel Dackings

for infiltration galleries.

3.2 Selection of an Infiltration System

Fig. 3.2 Guidelines for Choosing an Infiltration System

V

Isurvey Area Adjacent to River (Section~

YES( [Is permeability ~. O.5m/day? 1->NO

Choose Induce Abstraction System IChoose Basin Infi1trati~ >
Infiltration

Is water table within Survey new area for
3m of ~‘ound level? location of basins

YES
‘1’ Survey new area for

Use Are there significant amounts] location of Basins
~l1sI of rock in the area?

I I
YES Is permeability NO

I ‘V ~O.5 rn/day?
L ~, Is suitable trench digging I

equipment available? YES
‘y

YES
~f,

[Use Infiltration Galleries
/

Use channels for trans-
Iportation of river
[~~er to basins (
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The choice of an infiltration system is based upon the relative advantagesof

each method in terms of technical feasibility, the ease with which it Can

be constructed, operating and maintenancerequirements, together with

associated costs.

It is not possible to take into account many of the factors that may arise to

influence the choice of one method of infiltration over another. However,

the most important factors are included in a flowchart set out in Fig. 3.2,

to act as a guide in choosing a system. The chart should be used in con-

junction with information obtained from the survey, and the description of

the methods in Chapter 1, to arrive at a final decision.

3.3 Induced Infiltration to Galleries

There are three main aspects to the design of this system. The first

requirement is to estimate the distance, L, at which the gallery will be

placed from the river. It is then necessary to obtain the length of the

gallery. The final step is the detailed design of the gallery.

The distance L is given by the equation L~O.9[~p S0 ~, where K is

horizontally permeability in m/sec, P is porosity, and S0 is the maximum

th-awdown allowed, and Td is the detention time of the water underground.

S~ has been given a constant value of l.5rn, and Td a value of 8o days

throughout the rest of the chapter.

Table Al in the Aprendix gives values for L, for values of permeability in

rn/days, and rorosity obtained from the preliminary survey. The conversion

- xiv -





R%yQr

r>c~t~irnI

Fig. 3.3 Induced Infiltration to a Gallery

(After Huisman, 1983)

of permeability from m/day to rn/sec has been allowed for in the table.

The required length of the infiltration gallery is given by B %/q0, where

B is the length of the gallery in metres, Q is the required abstraction rate

of water in m
3/s, and q the flow per unit aquifer width in m2/s. The value

of Q is C x P, where C is the consumption of water per head of population,

and P is the population for which the system is designed.

To calculate the length B, Q must first be estimated, from information on water

use by the community, and a projection of future water demand. The flow of

water per unit length of infiltration, q, may be obtained from Table ALf in

the Appendix, by using the same values for k and p as in the determination of L.

q is given by the equation q~H J~S p/T~. These are values for H = lOm,

and q may therefore be adjusted for different values of H, the saturated aquifer

depth. For H = l5m, for example, q is 1.5 times the value given in the table.

The detailed design of infiltration galleries is given in Section ~+.9.

3.~+ Induced Infiltration to \Iells

The distance L, between the river and the abstraction well, may be obtained from
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Table A2. In this case, the distance L has been obtained from two equations.

These are:

(j) 4~l) (tan~ ~ - = ~ ~2 Td/PH Q

(ii) L =

is a dimensionless factor, and q is the flow per unit length of natural

ground

For equation (1), ~, H and Td are constants. Porosity, p, is presumedconstant

becausewithin the range of 0.30 to 0.50 it will not significantly influence the

value of~ . Similarly, H, the saturated aquifer depth, has been given a

constant value of 30m. The length, L, may therefore be obtained for different

combinations of and q~from Table A2 in the Appendix. Q~covers the range

of requirements of population from 100 to 10,000 people, with a per capita

consumption of 50 litres per head, and is given in m3/d. The values of

correspond to aquifer widths, W, 5, 10, 15 and 20 km.

Fig. 3.~ Induced Infiltration to a ~‘Jell
(After Bize, 1979)
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Having established the position of the well, the drawdown of water in the

of the well must be calculated. This will indicate the minimum depth to

the well must be sunk. It is important to keep the screen length of the

always below the groundwater table, to ensure that oxygen does not enter

well and cause the precipitation of chemical deposits around the screen.

total drawdown is given by: S, = + ~S, where ~ is the drawdown due

a fully penetrating well, andáS is the additional correction required if

well does not fully penetrate the gallery.

vicinity

which

well

the

The

to

the

The drawdown, ~ = h1 - h2, h1 and h2 being the saturated aquifer depths at

the well face before and after abstraction begins respectively.

h1

h2 =J 2 L - Qo

211K

ln (2L’\
2 + H2

\r /
0

.

Q (l—p) (1— h
ln ~

2lTkHp 2r
6

p is the ratio between the length of the well and the saturated aquifer depth

H, and r is the radius of the well.
0

3.5 Infiltration from Basins to Galleries

The distance between the outer edge of the basin and either of the galleries,

L, is the length L, where L =jT7p S~Td/ . For any given scheme, this

value may be obtained from Table A3, using the values of permeability and

porosity characteristic of the area where the schemei~to be situated.

The length of the spreading basins is equal to the adjacent gallery length,

.
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________ Infiltration Basins and Two Parallel Galleries

which is calculated in a similar way to that for Induced infiltration in

Section 3.3. Ho~’xever,in this case, B = %/2q0 , as the abstraction of water

per unit length of infiltration is doubled with the presence of two galleries.

To obtain q, the seine Table A
1+ may be used, as q

0 for induced infiltration and

basin infiltration is approximately equal. The same principle for correcting

q to suit different saturated aquifer depths applies here. Thus by obtaining

B, both the gallery and basin lengths are known.

The basin width dependson the infiltration rate chosen for the entry of water

from the basin into the soil. Values representing the basin width are to be

found in the Table A5. These are based on the relationship

2 xq
1 02x2xwidthofbasin =

(O.4o/86~+oo),

where O.~4O/86’+OOis the infiltration rate in ny’s.

As the operation of basins is significantly improved by intermittent operation,

and bearing in mind also the need to clean the basins, it is necessary to

/1

inRftva*cn BOSiV%5

Fig. 3.5
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provide a second basin of equal capacity. This can be done simply by

doubling B, the length of the original basin, to allow for a second basin,

such that the two are laid end to end, abbutting each other, as shown in

Fig. 3.5

It is suggested that a figure of 2m total depth of basin will be adequate for

the depth of the basin, made up of an excavation depth of lm and an earth

embankmentim high. Sand is used to line the basins, to prevent clogging from

taking place in the upper layers of the aquifer where it cannot be easily

removed, and also to allow for an adequateinfiltration rate. The sand

layer should be 500-700mm thick, and made up of uniformly graded sand.

The design of river intakes and channels to transport the raw water from

rivers to basins is discussed in Sections 3.9 and 3.10 respectively.

3.6 Design of Re-Infiltration Systems

Re-infiltration is a method of treating water with an unacceptably high Iron

or manganese concentration, which may not respond to treatment by aeration

alone. The method consists of transporting water which has been abstracted

after induced infiltration, and transporting it a short distance by pipeline

to a nearby basin. The water is aerated just before it enters the basin, and

it then re-enters the ground through the basin, to be abstracted again after a

short detention time.

The purpose of re—infiltration after abstraction is to allow enough time for the

oxidation reaction necessary for the precipitation of the iron and manganese

compounds to take place. The result of the process should be water which is

greatly improved with regard to iron and manganese levels.

- xix -





The design of re—infiltration systems will follow the same basic rules as

described earlier in this chapter for induced and basin infiltration.

The difference in the case of the basin is that it will receive pipeborne

aerated water instead of surface water through an open channel. Aeration is

by meansof a Venturi device, as shown in Fig. 3.6. Detention time for re—

infiltration, however, will be much shorter than the original process, as most

of the reduction in soluble Iron and Manganese takes place in the basin.

Furthermore, pathogenic bacteria and other undesirable constituents of the

water would already have been reduced to an acceptable level during induced

infiltration. A detention time of l~+days is used in this case, and the

distance between the basin and abstraction system obtained from Table A3 will

need to be reduced accordingly. This may be done by multiplying the distance

obtained with a detention time of 80 days by a suitable factor. Where the

abstraction system is a gallery, L =J~/~SOf With a reduction of Td from

80 to 11+ days, where 80/l’+ = 5.71,

L’ j k/ s

from which = 0.LI2

VENTURI

AERATEDWATER

Fig. 3.6 Venturi Device for Aeration (IRC 1981)





Thus Lt = 0.42 L, where is the distance of infiltration for a detention time

of 14 days. Thus, to obtain the distance between the infiltration basin and

the abstraction gallery, the distance in Table A3 must be multiplied by 0.42.

Fig. 3.7 below shows the arrangement for such a system, in which the abstraction

gallery is on one side of the basin only. To obtain the basin width, this

must be taken into account. Table AS in this case will represent two times

the basin width. This is because, whereas in the case of the basin with two

~
Fig. 3.7 Re-Infiltration of Water to an Abstraction Gallery

galleries,

Width of basin = 2 q
0/(0.4 x 86400)

2 q0 is replaced here by q, and therefore w~=q01/ (0.4 x 86400)1 , w~being

the full width of the basin for re—infiltration. The value obtained from

Table AS must therefore be halved. All other details of the design process

remain the same as described in this chapter for the initial process.

3.7 Design of Infiltration Galleries

Galleries are normally most suitable for shallow aquifers and may be laid at

depths of up to
8m below ground. Galleries may consist of slotted, or open

jointed pipes laid in trenches and surrounded by a gravel packing. The

purpose of the gravel packing is to prevent fine material from the aquifer

v~ç.
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entering the infiltration pipe. The material for pipes should be such that

they are not readily attacked by chemical constituents of subsurface water.

When this is taken into account, the type of pipe chosen then depends largely

on local availability. Suitable pipe materials are: stainless steel,

vitrified clay, and plastic, all of which are suitable for slotting. The

choice of’gravel diameter and slot width is determined by the following

relationships:

(i) The particle size distribution curve for the aquifer material should

be fairly similar to that for the gravel pack;

D for the filter
(ii) 15 ____

D85 for aquifer grains

D for the filter
(iii) 85

Slot width of pipes

Dx for any material is such that X% by weight of the material is smaller in

diameter than this value. Slot lengths, however, can be of any magnitude

compatible with maintaining the structural strength of the pipe.

To obtain the filter size, it is necessary first to choose a convenient slot

width of a few millimetres, and then calculate the gravel pack dianeters based

on the equations 1 and 2 above, using the boundary conditions given. The

gravel pack may need to be two or more layers of differently sized gravel,

depending on the size of aquifer grains. A5 an example, for a pipe with

slots size 5mm x 5mm, to be laid in a sandy aquifer with grain size D85 =

0.25mm, the coarsest gravel layer, from equation 2 , must have a size

= 2 x 5mm = 10mm.

From equation 1 , ID15 for the filter = 5 x 0.25mm = 1.25mm. Thus the first

layer of the pack has a size D15 = 1.25mm. If D85 for this pack is, say,
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2.10mm, again using equation 1 , 5 x 2.10 - 10.50mm. Thus, for the second

filter layer D15 = 10.50mm. D35 will therefore be greater than this. As

the coarsest gravel size required is one where D85 is at least 10mm, this size

satisfies the conditions. The gravel pack will then be made up with ‘the finer

layer closest to the pipe.

This arrangement is shown in Fig. 3.8, with the minimum thickness required for

each layer. Where slotted pipes are not readily available, open jointed pipes

present a much simpler solution. The method of sizing the gravel pack is

the same as for slotted pipes, with the joint width equivalent to the slot

width in calculations. For a total openable area of approximately 20%, a

metre run of pipe may be composedof twenty 50mm long pipes with 10mm joints

between them. When pipes cannot be ordered in suchlengths, they can be cut

to suit the purpose. In this respect, plastic pipes would be the best choice,

followed by vitrified clay pipes.

The pipe diameter is chosen on the basis of the flow of water expected, the

fall to which the pipe is laid, and the velocity of flow required. The

minimum recommendedvelocity to prevent the accumulation of deposits within

the pipe is 0.Sny’s.

For water collection a sump is needed, at the lower end of the gallery, from

which water can be pumped. Where the sump is only required for water collection

and possible gallery maintenance, a size of 0.
80m x 0.80m should be sufficient.

For very small communities of, say, 500 people with a low water demand of

30L/h.d, the sump can be made large enough to act as a storage tank, for 50%

of the total daily water demand. This can then cover periods of maximum

water demand during the day.
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Fig. 3.8 Infiltration Gallery Design

3.8 Design of Wells

The design and construction of abstraction wells for induced infiltration

follows the same principles as for wells receiving natural groundwater alone.

It is, however, essential that as the well will be used for the supply of the

whole community, it should be kept well protected, in such a way that it

cannot be tampered with.

3.9 River Intake Devices

For the transportatlon of river water to infiltration basins in open channels,

the detail at the junction between the river and channel will dependmainly

on the high and low water levels of the river. Where the difference between

the two levels is not very great, it is possible to have the channel leading

off from the river, with a dam of fine gravel, 5mm effective diameter, at the

entrance to the channel, about 100mm thick. This should ensure that larger

suspendedsolids particles do not enter the channel. Where the difference

in river levels is so large that allowing for low water levels would result

in a channel too deep for the spreading basins, provision may need to be made

for pumping the water up to a higher channel level during periods of low

Fl,: n-b’ F
rAotxv%~L4.
drawdotun.
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water flow.

3.10 River Water Transportation

The design of open channels for transporting river water to basins is based on

the flow of water required through the channel, which in turn dependson the

required abstraction rate. Unless the channels are cut in an impermeable

layer of soil, they must be lined. As clay is most likely to be available,

it is recommended that this should be used as a lining.
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OPERATION AND MAINTENANCE

4.1 General Operation of Infiltration Systems

Day to day operation of each infiltration system is a straightforward process.

It consists of checking to see that the abstraction pump is in working order.

It is also useful to make a daily visual check on the turbidity of the water.

Sudden increases in turbidity may be a sign that fine particles from the

aquifer have entered the gallery or well, due to failure of the gravel pack

or screen to retain them. In a well—designed abstraction system, this should

not normally happen. However, where it does occur, the gallery or well must

be cleaned out. The cleaning of galleries and wells is discussed under

Sections 4.4 and 4.5 respectively.

4.2 Tests for Water Quality

Water quality tests are in a sense the test of the whole infiltration system.

In the final analysis, the abstracted water must meet the statutory require-

ments for small community supplies in the countries where they are situated.

WHOrecommends, for smaller communities of up to 20,000 people, at least a

bacteriological check on the water, preferably once a week, but at least once

a month. In addition, it is advisable that if the galleries or wells are

cleaned, this should be followed by bacteriological and chemical examinations

o~f~-thewater. Chemical testing is not usually required very often. A

comprehensive test may be conducted only one or two times a year, though
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shorter tests may be conducted more often. The required number of times for

tests will normally be determined by local guidelines in the country where the

system is installed.

i-.3 Operation of Infiltration Basins

Basins will normally be run in pairs, intermittently. As each basin will

need to be shut off manually, the cycles should not be too short. Cycles

of at least 11-f days, wet and dry, and at most monthly wet and dry periods,

are likely to be reasonable for most small communities.

When a basin is to be taken out of use, access to the channel should be shut

off by putting a plate across the entrance to the channel, so that water flows

into the adjacent basin. The basin should then be left to dry out naturally.

Where the water level is high, and the basin has become badly clogged, some of

the excess water should be able to drain away through drainage holes provided

in the surrounding embankment above the normal head loss expected, say O.5m

above ground level, so for a basin with lm deep excavation, water in excess of

1.5m depth will be drained off. When after a number of cycles, a basin

requires cleaning, as much of the sand layer, after drying out, can be removed

as necessary, and the sand replaced. This operation should not need to occur

very often, but the number of times it is necessary is very much dependent on

the nature of the river water, though intermittent basin operation reduces the

number of cleaning times required.

In addition to cleaning the basins, the gravel dam at the entrance to the

channel must be cleaned at regular intervals, to maintain a steady flow of

water from the river to the channel.

- xxvii -





LfLf Maintenance of Galleries

Galleries should not normally require maintenance, but when they are clogged

with silt, or chemical deposits, the result will be either a deterioration in

water quality or reduction in the quantity of water abstracted. In such

cases, abstraction from the gallery will need to be halted so that cleaning

of the gallery may take place. Where there are two sets of galleries, as in

the case of basins, abstraction from the other gallery will then provide a

continuing, though reduced, water supply.

Provided the gallery is not very long, say up to 2Om, cleaning should not be

very difficult. The sump should first be dewatered, and solids loosened from

the gallery by jetting water from a pipe lowered through the sump into the

gallery. Loosened material will then be washed into the sump, from where it

can be removed. This method should take care of clogging of a physical nature.

Where the problem is due to chemical deposits, it becomesrather more difficult

to resolve, as these have to be dissolved by various chemicals. By conducting

a chemical analysis, and comparing it to the results of previous ones, the cause

of the problem may be identified. For treatment of ferric, magnesium and

calcium carbonates, a 15% solution of commercial Hydrochloric acid is recommended,

used in conjunction with an inhibitor, to prevent acid attacking the pipe.

This can be applied through a small diameter perforated pipe laid for the full

length of the gallery. It should be left for at least eight hours, at the

end of which the gallery may be pumped for some time, and pH measurements

taken. When the pH has returned to its normal value, the gallery will be

ready for use.

Accumulations of organic slime can be similarly treated, with a chlorine dose

at a level suitable for drinking water. In this case, the abstraction of water
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for use can continue.

It can be seen, however, that the use of chemicals for cleaning is a specialist

operation, and reduces the advantages of the system, and even for occasional

cleaning such as this, it may be difficult, if not impossible, for some

communities to get the chemicals required. This is one of the main reasons

why the adequate design and construction of the gallery is particularly

important. It is unlikely, however, that the whole length of the gallery

will become clogged, and if sufficient excess capacity has been allowed for,

the decision may be taken to accept the reduction in the quantity of water.

4.5 Cleaning of Wells

Wells are more likely to require cleaning than galleries, as water is abstracted

through a smaller total surface area. Cleaning is effected by pumping the

well at double the normal capacity. This should loosen accumulated particles

which have adhered to the screen. Where clogging is due to chemical pre-

cipitates, cleaning will need to be, as for galleries, by chemical means.

The disadvantages of this are the same, but the reduction in the rate of

abstraction is likely to be greater for wells.

The general requirements for the operation and maintenanceof the three types

of infiltration methods described are summarisedin Table 2, together with the

systems in each case to which the requirement applies. In practice, however,

each infiltration system is likely to have additional special requirements for

maintenance, dependingparticularly on the way the original construction was

carried out, the hydrogeological characteristics of the site, and the nature
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TABLE 2

OPERATION AND MAINTENANCER~UIREMENTS

FOR INFILTRATION SYSTEMS

A - Induced Infiltration to ‘Jells

B — Induced Infiltration to Galleries

C — Basin Infiltration

Requirements
System
where
applicable

1. Visual Check on Turbidity of Water A, B, C

2. Maintenance of Pump for Abstraction Well A, B, C

or sump

3. Weekly or monthly bacteriological examination A, B, C

of water

4. Chemical Examination of Water A, B, C

5. Occasional cleaning of Well if necessary A

6. Occasional cleaning of Basins C

7. Cleaning of gravel dan C
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of its surface water source. These can only be discovered with increasing

experience in the running of the system.
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Tables for the design of Infiltration Systems

The following tables have been prepared for use in conjunction with

the descriptions for the design of induced infiltration, basin infil-

tration, and re—infiltration systems. The computer programs used in

their preparation are written in BASIC, and have been included in

Appendix B. However, these are not required for the use or

understanding of the tables.

Table Al is used in conjunction with the design of induced infiltration

to galleries, an explanation of which is given in section 3.3 of the

handbook. The values represent the distance, L, between the gallery

and river, for values of permeability K, and porosity p.

The values in Table A2, are distances between a river and well, for

varying aquifer widths and abstraction rates of water. The use of the

table is described under Induced Infiltration to Wells, section 3.4.

The distance between an infiltration basin and gallery for specific

values of K and p, may be obtained from Table A3. The design of

infiltration systems from basins to galleries is discussed in section 3.5.

Table A4 is for the estimation of both the length of galleries, and,

where basins are used, the length of the basin. The values represent

q, the flow of water per unit aquifer width to galleries, and are

used in the design of both induced infiltration to wells, (section 3.4),

and basin infiltration (section 3.5).

The final Table, A5, is used to estimate the width of infiltration basins,

the explanation of which may be found in section 3.5.
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Re—infiltration systems for the removal of iron and manganese are

a combination of induced and basin infiltration, and as such the use

of the tables are the same as for those methods.

However, Table 5A, when used for the design of re-infiltration

systems (section 3.6) represents twice the basin width. The value

obtained from the table must therefore be halved accordingly.

Data required for the use of the tables is obtained from the

preliminary survey (section 3.1), and the water supply requirements

of the community. In the table, the data has been given in the form

likely to be most appropriate. Thus, in Table A2, for example, Q,

the abstraction rate, is in m3/day instead of rn’/sec. Similarly,

permeability K, in table Al, is in rn/day, instead of rn/sec.
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TABLE Al—DISTANCE BETHEEN GALLERY AND RIVER ~rn)

I ü 0.20 (5.35 (5~40 Q.45 O~ffoJc(’rn/dotij
12.72 11.78 11.02~10.39H9T85~ .50~
18.00 16.66 15.58 14.69 13.94 1.00
22.04 20.41 19.09 18.00 17.07 1.50
25.45 23.55 22.04 20.78 19.71- 2.00
28.45 25.34 24.54 23.23 22.04 2.50
31.17 28.85 27.00 25.45 24.14 3.00
33.57 31.17 29.15 27.49 26.08 3.50
36.00 33.32 31.17 29.39 27.88 4.00
38.18 35.35 33.05 31.17 29.57 4.50
40.24 37.25 34.85 32.86 31.17 5.00
42.21 39.08 36.55 34.46 32.69 5.50
44.09 40.82 38.j8 36.00 34.15 6.00
45.89 42.48 39.74 37.46 35.54 6.50
47.62 44.09 41.24 38.88 36.88 7.00
49.29 45.63 42.59 40.24 38.18 7.50
50.91 47.13 44.09 41.56 39.43 8.00
52.47 48.58 45.44 42.34 40.54 8.50
54.00 49.99 46.76 44.09 41.82 9.00
55.47 51.36 48.04 45.29 42.97 9.50
56.92 52.69 49.29 46.47 44.09 10.00
58.32 54.00 50.51 47.62 45.17 10.50
59.69 55.27 51.70 48.74 46.24 11.00
61.04 56.51 52.86 49.83 47.28 11.50
52.35 57.72 54.00 50.91 48.29 12.00
63.63 58.91 55.11 51.96 49.29 12.50
64.89 60.08 56.20 52.99 50.27 13.00
66.13 51.23 57.27 54.00 51.22 13.50
57.34 62.35 58.32 54.99 52.16 14.00
68.54 53.45 59.35 55.96 53.09 14.50
69.71 64.54 50.37 55.92 54.00 15.00
70.86 55.60 61.3? 57.85 54.89 15.50
72.00 55.55 62.35 58.76 55.77 15.00
73.11 G7.69 53.32 59.G9 56.G3 16.50
74.21 68.71 64.27 60.59 57.48 17.00
75.29 59.71 55.21 61.48 58.32 17.50
76.36 70.70 65.13 62.35 59.15 18.00
77.42 71.57 67.04 53.21 59.96 18.50
78.46 72.64 67.94 64.05 60.77 19.00
79.48 73.58 58.83 64.89 61.56 19.50
80.49 74.52 59.71 65.72 62.35 20.00
81.49 75.45 70.57 56.54 63.12 20.50
82.48 76.35 71.43 67.34 53.89 21.00
83.46 77.27 72.28 58.14 64.64 21.50
84.42 78.16 73.11 58.93 65.39 22.00
85.38 79.04 73.94 69.71 65.13 22.50.
86.32 79.52 74.75 70.48 65.36 23.00
87.25 80.78 75.55 71.24 67.58 23.50
88.18 81.64 75.36 72.00 68.30 24.00
89.09 82.48 77.15 72.74 59.01 24.50
90.00 83.32 77.94 73.48 69.71 25.00
90.89 ~4.15 78.rl r4.21 ,0.4L1 ~.5.50
91.rh 34.~ •~.4c. r4.93 .-1.03 2t..uLi
92.65 85.78 80.24 75.65 71.77 26.50
93.53 86.59 81.00 76.35 72.44 27.00
!~4..$9 ~h’.3~ 81.,’4 .-r.L1r r$.ll c±..51j
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j4pLt~ ~
1j L-u”iI JJ’JL4~j—_--------------‘-

O’3o 0.35 O~Io Q.L/5 0.50 _____
96.09 83.96 83.21 78.46 74.43 28.50
96.93 89.74 83.94 79.14 75.08 29.00
97.76 90.51 84.56 79.82 75.72 29.50
98.59 91.27 85.38 80.49 76.36 30.00
99.40 92.03 85.09 81.15 77.00 30.50

100.21 92.78 85.79 81.82 77.52 31.00
101.02 93.53 87.48 82.48 78.25 31.50
1tI1.L-~ 94.21? 8~c18 83.13 78.87 32.00
102.61 95.00 88.86 83.78 79.48 32.50
103.40 95.73 89.54 84.42 80.09 33.00
104.18 96.45 90.22 85.06 80.69 33.50
104.95 97.17 90.89 85.69 81.29 34.00
105.72 97.88 91.56 86.32 81.89 34.50
106.48 98.59 92.22 85.94 82.48 35.00
10?.24’ 99.29 92.87 87.56 83.07 35.50
108.00 99.98 93.53 88.18 83.65 36.00
108.74 100.68. 94.1? 88.79 84.23 36.50
109.48 101.36 94.82 89.39 84.81 37.00
110.22 102.05 95.45 90.00 85.38 37.50
110.95 102.72 95.09 90.59 85.94 38.00
111.58 103.40 95.72 91.19 86.51 38.50
112.40 104.07 97.34 91.78 87.07 39.00
113.12 104.73 97.97 92.35 87.52 39.50
113.84 105.39 98.59 92.95 88.18 40.00
114.55 106.05 99.20 93.53 88.73 40.50
115.25 105.70 99.81 94.10 89.27 41.00
115.95 107.35 100.42 94.67 89.81 41.50
116.55 108.00 101.02 95.24 90.35 42.00
117.34 108.64 101.62 95.81 90.89 42.50
118.03 109.27 102.22 95.37 91.42 43.00
118.71 109.91 102.81 95.93 91.95 43.50
119.39 110.54 103.40 97.48 92.48 44.00
120.07 111.15 103.98 98.04 93.00 44.50
120.74 111.79 104.57 98.59 93.53 45.00
121.41 112.40 105.14 99.13 94.04 45.50
122.08 113.02 105.72 99.6? 94.55 46.00
122.74 113.63 106.29 100.21 95.07 46.50
123.40 114.24 106.85 100.75 95.58 47.00
124.05 114.6’S 107.43 101.29 95.09 47.50
124.70 115.45 108.00 101.82 96.59 48.00
125.35 115.05 108.55 102.35 97.09 48.50
126.00 116.55 109.11 102.87 97.59 49.00
125.64 117.24 109.67 103.40 98.09 49.50
127.2? 117.83 110.22 103.92 98.59 50.00
127.91 118.42 110.?? 104.44 99.08 50.50
128.54

119~0lk 111.32 104.95 99.57 51.00
129.17 119.59 111.85 105.47 100.05 51.50
129.79 120.17 112.40 105.98 100.54 52.00
130.42 120.74 112.94 106.48 101.02 52.50
131.04 121.32 113.48 106.99 101.50 53.00
131.65 121.89 114.01 107.49 101.98 53.50
132.2? 122.46 114.55 108.00 102.45 54.00
132.88 123.02 115.08 108.49 102.93 54.50
133.49 123.58 115.50 108.99 103.40 55.00
134.09 124.14 116.13 109.48 1~3.87 55.50
134.59 124.70 116.65 109.98 104.33 56.00
135.29 125.26 117.17 110.47 104.80 56.50
135.89 125.81 117.69 110.95 105.25 57.00
136.49 125.36 118.20 111.44 105.72 57.50
137.08 126.91 118.71 111.92 106.18 58.00
137.67 127.46 119.22 112.40 106.54 58.50
138.26 128.00 119.73 112.88 107.09 59.00

______ 138.84 128.54120.24 113.36 107.54 59.50





rn&t Al coNIlr~ab~ _____

OW Q~35 QJ3Q 045 O.5~ k~svifda~j)
139.42 129.08 120.74 113.84 108.00 ~~00
140.00 129.52 121.24 114.31 108.44 60.50
140.58 130.15 121.74 114.78 108.89 51.00
141.15 130.68 122.24 115.25 109.34 61.50
141.73 131.21 122.74 115.72 109.78 62.00
142.30 131.74 123.23 116.18 110.22 52.50
142.8? 132.2? 123.72 116.65 110.66 63.00
143.43 132.79 124.21 117.11 111.10 63.50
144.00 133.31 124.70 117.5? 111.54 64.00
144.56 133.83 125.19 118.03 111.9? 54.50
145.12 134.35 125.6? 118.49 112.40 65.00
145.5? 134.8? 126.15 118.94 112.84 65.50
146.23 135.38 126.54 119.39 113.27 55.00
146.78 135.89 127.12 119.84 113.69 66.50
147.33 136.40 127.59 120.29 114.12 67.00
147.88 136.91 128.0? 120.74 114.55 67.50
148.43 137.42, 128.54 121.19 114.97 , 58.00
148.97 137.92 129.01 121.63 115.39 68.50
149.51 138.42 129.48 122.08 115.81 69.00
150.05 138.92 129.95 122.52 116.23 69.50
130.59 139.42 130.42 122.96 116.65 70.00
151.13 139.92 130.88 123.40 117.06 70.50
151.5? 140.41 131.35 123.83 117.48 71.00
152.20 140.91 131.81 124.2? 117.89 71.50
132.73 141.40 132.2? 124.70 118.30 72.00
153.25 141.89 132.73 125.13 118.71 72.50
153.79 142.38 133.18 125.57 119.12 73.00
154.31 142.8? 133.64 126.00 119.53 73.50
154.84 143.35 134.09 126.42 119.93 74.00
155.36 143.83 134.54 126.85 120.34 74.50
155.88 144.32 135.00 127.27 120.74 75.00
156.40 144.80 135.44 127.70 121.14 75.50
155.92 145.28 135.89 128.12 121.54 76.00
157.43 145.75 135.34 128.54 121.94 76.50
157.94 146.23 135.78 128.96 122.34 77.00
158.46 146.70 137.23 129.38 122.74 77.50
158.97 147.17 137.67 129.79 123.13 78.00
159.48 147.65 138.11 130.21 123.53 78.50
159.98 148.11 138.55 130.62 123.92 79.00
160.49 148.58 138.99 131.04 124.31 79.50
160.99 149.05 139.42 131.45 124.70 80.00
151.49 149.51 139.85 131.86 125.09 80.50
152.00 149.98 140.29 132.27 125.48 81.00
162.49 150.44 140.72 132.68 125.8? 81.50
162.99 150.90 141.15 133.08 126.25 82.00
163.49 151.36 141.58 133.49 126.64 82.50
163.98 151.82 142.01 133.89 127.02 83.00
164.48 152.27 142.44 134.29 127.40 83.50
164.97 152.73 142.87 134.69 127.78 84.00
155.46 153.18 143.29 135.09 128.15 84.50
165.95 153.54 143.71 135.49 128.54 85.00
155.43 154.09 144.14 135.89 128.92 85.50
166.92 154.54 144.55 136.29 129.29 86.00
167.40 154.99 144.98 136.68 129.67 86.50
167.89 155.43 145.39 137.08 130.04 87.00
168.37 155.88 145.81 137.47 130.42 87.50
158.85 136.32 146.23 137.86 130.79 88.00
159.33 155.77 145.64 138.26 131.16 88.50
169.81 157.21 147.06 138.65 131.53 89.00
170.28 157.65 147.47 139.03 131.90 89.50
170.76 158.09 147.88 139.42 132.2? 90.00
171.23 158.53 148.29 139.81 132.63 90.50
171.70 15S.97 148.70 140.19 133.00 91.00
17? iF: i~j~~,4ç1 14cc 11 l4Cj.fl s~n fl





TABLE iii CONTINVEb

0-30 0.35 0~/O 045 O’5Q - Rfrifdwj)
172.54 159.84 149.51 140.96 133.73 92.00
173.11 160.27 149.92 141.35 134.09 92.50
173.58 150.70 150.32 141.73 134.45 93.00
174.05 161.14 150.73 142.11 134.81 93.50
174.51 161.57 151.13 142.49 133.17 94.00
174.97 152.00 131.53 142.87 135.53 94.50
175.44 162.42 151.93 143.24 135.89 95.00
173.90 152.83 152.33 143.62 136.23 95.50
175.36 153.28 152.73 144.00 136.51 96.00
176.82 163.?0 153.13 144.37 135.95 96.50
177.27 164.12 153.52 144.74 137.32 97.00
177.73 164.53 153.92 145.12 137.67 97.30
178.19 154.9? 134.31 145.49 138.02 98.00
178.64 163.39 154.71 145.86 138.37 98.50
179.09 165.81 153.10 146.23 138.72 99.00
179.54 155.23 135.49 146.60 139.07 99.50
180.00 166.64 155.88 145.95 139.42 100.00
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TABLE A3—D I STANCE BETWEEN BASIN AND GALLERY (rn)_

1 I
0•30 fl•35 01313 O’45 (>50 K(mfdaz~

14.14 13.09 12.24 11.54 10.95
20.00 18.51 17.32 16.32 15.49
24.49 22.57 21.21 20.00 18.97
28.28
31.62

26.18
29.27

24.49
27.38

23.09
25.81

21.90

24.S

34.64 32.07 30.00 28.28 26.83
37.41 34.54 32.40 30.55 28.98
40.00 37.03 34.54 32\65 30.98
42.42 39.27 35.74 34.64 32.86
44.72 41.40 38.72 36.”Sl 34.64
45.90 43.42 40.52 38.29 35.33
48.98 45.35 42.42 40.00 37.94
50.99 47.20 44.15 41.63 39.49
52.91 48.98 45.ë2 43.20 40.98
54.77 50.70 47.43 44.72 42.42
55.55 52.37 48.98 45.18 43.81
58.30 53.98 50.49 47.60 45.15
50.00 55.54 51.95 48.98 45.47
51.54 57.07 53.38 50.33 47.74
53.24 58.55 54.77 51.53 48.58
64.80 50~00 55.12 52.91 50.19
56.33 61.41 57.44 54.15 51.38
57.82 ~52.79 58.73 55.37 52.53
69.28 54.14 50.00 56.56 53.65
70.71 65.45 51.23 57.73 54.77
72.11 66.76 62.44 58.87 55.85
73.48 58.03 53.53 50.00 55.92
74.83 59.28 54.80 51.10 57.96
76.15 70.50 65.95 52.18 58.99
77.45 71.71 67.08 63.24 60.00
78.74 72.89 58.19 64.29 60.99
80.00 74.05 59.28 55.31 51.95
81.24 75.21 70.35 66.33 62.92
82.45 76.34 71.41 67.33 63.87
b3.t.~ i’r.45 •‘~.45 ~8.31 h4.8~I

84.85 78.55 73.48 59.28 55.72
85.02 79.54 74.49 70.23 55.53
87.17 80.71 75.49 71.18 57.52
88.31 81.h rb.48 2.11 ~8.41
89.44 82.80 77.45 73.02 59.23
90.55 33.83 78.42 73.93 70.14
91.65 84.85 79.37 74.83 70.99
92.73 85.85 80.21 75.71 71.83
93.80 85.84 81.24 75.59 72.56
94.85 87.83 82.15 77.45 73.48
95.91 88.80 83.05 78.31 74.29
96.95 39.75 83.95 79.15 75.09
97.97 90.71 34.85 30.00 75.89
93.99 91.55 35.73 80.92 76.63

100.00 92.58 85.60 81.54 77.45
100~99 93.50 37.45 82.45 73.23
101.98 94.41 33.31 33.26 78.99
102.95
103!92

95.31
95.21

89.15
90.00

84.05
34.35

79.74
30.49

104i33 97.10 90.32 35.53 31.24
105~33
~

97.97
.... r.~

91.65
r..

36.40
i’~

31.97
-;‘i~

.50
1.00
1.50

‘2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50
5.00
5.50
7.00
7.50
3.00
3.50
9.00
9.50

10.00
10.50
11. 00
1 1.50
12.00
12.50
13.00
13.50
14.00
14.50
15.00
15.50
15.00
15.50
17.00
17.50
18.00
13.50
19.00
19.50
20.00
20.50
21.00
21.50
22.00
22.50
23.00
23.50
24.00
24.50
25.00
25.50
25.00
25.50
27.00
27.50
23.00
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_TABLF FY3 LON i jrj Vt. I

)

[~ o’ao o.s.~ Q.I~ oIso k(m/da~
)

5)

)

‘1

“I

I!

)

107.70 99.71 93.27 87.93 83.42

108.52 100.55 94.0? 88.69 84.14
109.54 101.41 94.85 89.44 84.85
110.43 102.25 95.55 90.18 85.35
111.33 103.09 96.43 90.92 86.23
fl9 ~‘4 10~ ~ ~7 ~1 ~1 ~

86~C,4
113. ~ 104..’4 9( .9,’ 92.3~’ d1’ .~3
114.01 105.35 98.74 93.09 88.31
114.89 106.35 99.49 93.80 88.99
115.75 107.17 100.24 94.51 89.55
115.61 107.96 100.99 93.21 90.33
117.47 108.75 101.73 95.91 90.99
118.32 109.54 102.45 96.60 91.65
119.16 110.32 103.19 97.29 92.30
120.00 111.09 103.92 97.97 92.93
120.83 111.85 104.64 98.55 93.59
121.65 112.53 103.35 99.33 94.23
122.4? 113.38 105.06 100~00 94.86
123.28 114.14 106.77 100.56 95.49
124.09 114.89 107.4? 101.32 96.12
124.89 115.53 108.~15 101.98 96.74
125.65 116.37 108.83 102.63 97.35
126.49 117.10 109.54 103.27 97.57
127.27 117.83 110.22 103.92 98.59
128.06 118.56 110.90 104.56 99.19
128.84 119.28 111.37 105.19 99.79
129.51 120.00 112.24 105.83 100.39
130.38 120.71 112.91 106.45 100.99
131.14 121.42 113.5? 107.08 101.58
131.90 122.12 114.23 107.70 102.17
132.66 122.82 114.89 108.32 102.75
133.41 123.51 115.54 108.93 103.34
134.16 124.21 116.18 109.54 103.92
124.90 124.89 116.83 110.13 104.49
135.64 125.58 117.47 110.75 105.07
136.38 126.25 118.11 111.35 105.54
137.11 126.94 118.74 111.93 106.20
137.84 127.61 119.37 112.54 106.77
138.56 128.28 120.00 ~11313 107.33
139.28 128.55 120.62 113.72 107.88
140.00 129.61 121.24 114.30 108.44
140.71 130.27 121.86 114.89 108.99
141.42 130.133 122.47 115.47 109.54
142.12 131.58 123.08 116.04 110.09
142.82 132.23 123.69 115.51 110.63
143.52 132.88 124.29 117.18 111.1?
144.22 133.52 124.89 117.75 111.71
144.91 134.16 125.49 118.32 112.24
145.60 134.80 125.09 118.88 112.78
146.28 135.43 125.58 119.44 113.31
145.95 135.06 127.27 120.00 113.84
14c.t.4 13b.’~9 12~’.8~ 1~0.55 114.3’r
148.32 137.32 128.45 121.10 114.89
148.99 137.94 129.03 12U55 115.41
149.65 138.55 129.61 122.20 115.93
150.33 139.18 130.19 122.74 115.44
150.99 139.79 130.75 123.28 115.96
151.55 140.40 131.33 123.82 117.47
152.31 141.01 131.90 124.36 117.98
152.97 141.52 132.47 124.89 118.49
153.62 142.22 133.04 123.43 118.99
154.2? 142.82 133.50 125.96 119.49
154.91 143.42 134.15 125.49 12000

—- j r.j-~ 1C~1 ~ V’7 (~1 1:’ci.49

29. LII)

29.50
30.00
30.50
31.00
31.30
32.00
32.50
33.00
33.50
34.00
34.50
35.00
35.50
35.00
36.50
37.00
37.50
38.00
38.50
39.00
39.50
40.00
40.50
41.00
41.50
42.00
42.50
43.00
43.50
44.00
44.50
45.00
45.50
45.00
45.50
47.00
47.50

48.00
48.50
49.00
49.30
50.00
50.50
31.00
51.50
52.00
52.30
53.00
33.50
54.00
54.50
5300
55.50
55.00
56.50
57.00
57.50
58.00
58.50
59.00
59.50
60.00
513.





TABI-EA3 ctF(flNUcD

030 0.35 040 0.45 ~C~EO k&1/ct~
0u

61.50
52. (10

52.50
53.00
53.50

54.00
64.50

55.00
55.50
55.00
55.50
57.00
57.50
53.00
53.50
59.00
69.50
70.00
70.50
71.00
71.50
72.00
72.50
73.0(1

73.50
74.00
74.50
75.00

• 75.50
75.00
75.50
77.00
77.50
78.00

78.50
79.00

79.50
80.00
80.50
81.00
81.50
32.00
32.50
83.00
33.50
84.00
84.50
85.00
85.50
86.00

35.50
37.00

-) 37.50
88.00
83.50
39.00
89.50
90.00
90.50
91.00
91.50
92.00

155.20 144:51 135.27 127.54 120.99
155.34 145.20 135.33 128,05 121:49
157.48 145.79 136.33 123.58 121.93
158.11 145.33 135.93 129.09 122.47
158.74 145.96 137.47 129.61 122.95
159.37 147.55 138.02 130.12 123.45
160.00 148.13 138.55 130.53 123.93
150.52 148.70 139.10 131.14 124.41
151.24 149.28 139.54 131.55 124.39
161.35 149.35 140.17 132.15 125.37
152.48 150.42 140.71 132.56 125.35
163.09 150.99 141.24 133.15 125.33
163.70 151.55 141.77 133.55 125.30
154.31 152.12 142.30 134.16 127.27
164.92 152.59 142.32 134.55 127.74
165.52 153.25 143.35 135.15 123.21
165.13 153.80 143.37 135.64 128.68
166.73 154.-36 144.39 136.13 129.15
167.33 154.91 144.91 136.62 129.51
167.92’ 155.47 145.43 137.11 130.07
158.52 156.02 145.94 137.59 130.53
159.11 155.57 146.45 138.03 130.99
169.70 157.11 146.96 138.56 131.45
170.29 157.65 147.47 139.04 131.9O
170.83 153.20 147.98 139.52 132.35
171.46 153.74 143.49 140.00 132.81
172.04 159.28 148.99 140.47 133.26
172.62 159.32 149.49 140.94 133.71
173.20 160.35 150.00 141.42 134.16
173.78 150.89 150.49 141.89 134.61
174.35 161.42 150.99 142.35 135.05
174.92 161.95 151.49 142.32 135.49
175.49 162.48 151.98 143.29 135.94
176.06 153.00 152.47 143.75 136.38
175.53 163.53 152.97 144.22 136.82
177.20 164.05 153.46 144.68 137.25
177.76 164.57 153.94 145.14 137.69
178.32 165.09 154.43 145.60 133.13
178.88 165.61 154.91 146.05 138.56
179.44 166.13 155.40 146.51 138.99
130.00
180.55

156.64
167.16

155.88
155.3&

145.96
147.42

139.42
139.8~j

181.10 167.67 156.84 147.37 140.28
131.65 168.18 157.32 143.32 140.71’
182.20 163.69 157.75 148.77 141.13,?
132.75 169.19 158.2? 149.22 141.55
133.30 169.70 158.74 149.56 141.98
133.84 170.20 159.21 150.11 142.40 1
184.39 170.71 159.68 150.55 142.82
184.93 171.21 160.15 150.99 143.24 1
185.47 171.71 168.62 151.43 143.65
186.01 172.21 161.09 151.87 144.03
186.54 172.70 161.55 152.31 144.49
137.03 173.20 162.01 152.75 144.91
187.51 173.69 162.48 153.18 145.32
183.14 174.19 162.94 153.62 145.73
188.67 174.68 153.40 154.05 146.15
189.20 175.17 163.35, 154.48 146.55
189.73 175.66 164.31 154.51 145.96
190.26 175.14 154.77 155.34 147.3?
190.73 175.53 165.22 155.77 147.72.
191.31 177.11 165.68 155.20 148.18
191.83 177.50 166.13 155.63 148.59





COMTINOFfl

k(mfda~g)’

TftBL~EA3

IL o~so Q~?ff O•140 QI4ff

192.35 178.08 165.58 157.05 148.99
192.87 178.55 167.03 157.48 149.39
193.39 179.04 167.48 157.90 149.79
193.90 179.52 167.92 158.32 150.19
194.42 180.00 168.37 158.74 150.59
194.93 180.47 168.81 159.16 150.99
195.44 180.94 169.26 159.58 151.39
195.95 181.42 159.70 160.00 151.73
195.46 181.89 170.14 150.41 152.18
195.97 182.35 170.58 160.83 152.57
197.48 182.83 171.02 161.24 152.97
197.98 183.30 171.45 161.65 153.36•
198.49 183.77 171.90 152.05 153.75
198.99 184.23 172.33 162.48 154.14
199.49 184.70 172.77 152.89 154.53
200.00 185.15 173.20 163.29 154.91

92.50
93.00
93.50
94.00
94.50
95.00
95.50
96.00
96.50
97.00
97.50
98.00
98.50
99.00
99.50

100.00
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JiRflLc .$I4—FLQL~.L PER ‘JIIIT AQUIFER WIDTH (mt/dot,) H~IQn-~.

ow
0000060

035 040 j~ 050 kc’m/d~4)
. 0000050 . 0000070 . 0000070 . 0000070 . 5000000

.0000030 .0000090 .0000100 .0000100 .0000110 1.0000000

.0000100 .0000110 .0000120 .0000130 .0000130 1.5000000

.0000120 .0000130 .0000140 .0000150 .0000150 2.0000000
.0000130 .0000140 .0000150 .0000160 .0000170 2.5000000
.0000150 .0000160 .0000170 .0000130 .0000190 3.0000000
0000150 . 0000170 . 0000180 .0000190 . 0000200 3.5000000

.0000170 .0000130 .0000200 .0000210 .0000220 4.0000000

.0000130 .0000190 .0000210 .0000220 .0000230 4.5000000
.0000190 .0000200 .0000220 .0000230 .0000250 5.0000000
.0000200 .0000210 ¼.0000230 .0000240 .0000260 5.5000000
.0000210 .0000220 .0000240 .0000250 .0000270 6.0000000
0000220 . 0000230 . 0000250 . 0000270 . 0000280 6. 5000000
0000220 . 0000240 . 0000250 . 0000280 . 0000290 7.0000000
0000230 . 0000250 . 0000270 . 0000290 . 0008300 7.5000000

.0000240 .0000260 .0000280 .0000300 .0000310 3.0000000

.0000250 .0000270 .0000290 .0000300 .0000320 8.5000000

.0000260 .0000280 .0000300 .0000310 .0000330 9.0000000
0000250 . 0000280 . 0000300 . 0000320 . 0000340 9.5000000

.0000270 .0000290 .0000310 .0000330 .0000350 10.0000000

.0000280 .0000300 .0000320 .0000340 .0000350 10.5000000

.0000230 .0000310 .0000330 .0000350 .0000370 11.0000000

.0000290 .0000310 - - .0000330 .0000360 .0000380 11. 5000000

.0000300 .0000320 .0000340 .0000360 .0000380 12.0000000
0000300 . 0000330 . 0000350 . 0000370 . 0000390 12.5000000
0000310 . 0000330 . 0000360 . 0000380 . 0000400 13.0000000

.0000310 .0000340 .0000350 .0000390 .0000410 13.5000000
.0000a20 .0000350 .0000370 .0000390 .0000410 14.0000000
.0000330 .0000350 .0000380 .0000400 .0000420 14.5000000
0000330 . 0000350 . 0000380 . 0000410 . 0000430 15. 0000000

.0000340 .0000360 .0000390 .0000410 .0000440 15.5000000
0000340 . 0000370 . 0000400 . 0000420 . 0000-140 16.0000000
0000350 . 0000330 . 0000400 . 0000430 . 0000450 15.5000000
0000350 . 0000380 . 0000410 . 0000430 . 0000460 17. 0000000

.0000360 .0000390 .0000410 .0000440 .0000450 17.5000000
.0000350 .0000390 .0000420 .0000450 . 0000470 18.0000000
.0000370 .0000400 .0000430 .0000450 .0000480 15’. 5000000
0000370 . 0000400 . 0000430 . 0000460 . 0000430 19. 0000000
0000380 .0000410 .0000440 .0000460 .0000490 19.5000000

.0000380 . 0000410 .0000440 .0000470 .0000500 20.0000000
0000390 . 0000420 . 0000450 . 0000480 . 0000500 20. 5000000

‘.0000390 . 0000420 .0000450 . 000048,0 . 0~i00510 21 . 0000000
.0000400 .0000430 .0000450 .0000490 .0000510 21. 5000000
0000400 . 0000430 . 0000470 . 0000490 . 0000520 22. oo00000

.0000410

.0000410
.0000440
.0000440

.0000470

.0000480
.0000500
. 0000500

.0000530
. 0000530

22.500000!
23. 00OL~





I ‘Ui—a.. n~4—LU’., Il .t’s—t)

O~3O
0000420

03E
. 0000450

o~
.0000480

o.~ç
. 0000510

o•ço
.0000540

k~mn7day~
23. 5000ei00

0000420 . 0000450 .0000490 . 0000520 . 0000540 24. 0000000
0000420 . 0000460 . 0000490 . 0000520 . 0000550 24. 5000000
0000430 . 0000460 . 0000500 . 0000530 . 0000560 25. 0000000

.0000430 .0000470 .0000500 . 0000530 .0000560 25. 5000000 .

.0000440 .0000470 . 0~i00510 .0000540 . 0000570 25. 0000000
0000440 . 0000480 .0000510 . 0000540 . 0000570 26. 5000000
0000450 . 0000480 .0000520 .0000550 .0000580 27.0000000

.0000450 - .0000490 . 0000520 . 0000550 . 0000580 27.5000000
0000450 . 0000490 . 0000530 . 0000550 .0000590 28.0000000
0000460 . 0000500 . 0000530 . 0000550 .0000590 28.5000000

.0000460 . 0000500 .0000530 .0000570 . 0000600 29.0000000

.0000470 .0000500 .0000540 .0000570 .0000500 29.5000000

.0000470 .0000510 .0000540 .0000580 .0000510 30.0000000
0000470 .0000510 .0000550 .�‘000580 . 0000510 30.5000000

.0000480 ‘.0000520 .0000550 . 0000590 . 0000620 31 . 0000000

.0000480 . 0000520 .0000560 .0000590 . 0000620 31.5000000
00a0490 . 0000530 .0000560 . 0000600 . 0000630 32.0000000

.0000490 . 0000530 . 0000570 . 0000600 .0000630 32.5000000

.0000490
0000500

.0000530

.0000540
.0000570
. 0000580

.0000610

. 0000510
.0000640
.0000540

33.0000000
33.5000000 S

00(10500 - 0000540 .0000580 .0000510 .0000650 34. 0000000
.0000500
0000510

. 0000550 -

.0000550
.0000580
.0000590

.0000620

. 0000620
.0000650
.0000550

34.5000000
35.0000000

0000510
0000520

.0000550

. 0000560
. 0000590
.0000500

.0000530

.0000530
. 0000550
.0000570

35.5000000
35.0000000

I
£

0000520 . 0000560 .0000500 . 0000540 .0000570 36.5000000
0000520 . 0000570 . 0000500 . 0000540 . 0000580 37. 0000000

.0000530 . 0000570 . 0000510 . 0000550 .0000580 37.5000000
.0000530 .0000570 .0000510 .0000550 .0000590 38.0000000
0000530 . 0000580 .0000520 .0000550 . 0000590 38. 5000000
0000540 .0000380 .0000620 .0000660 .0000590 2.9. 0000000

.0000540 .0000580 .0000520 .0000550 .0000700 39.5000000

.0000540 .0000590 .0000630 .0000570 .0000700 40.0000000

.0000550 . 0000590 - 0000630 . 0000570 . 0000710 40.5000000

.0000550 .0000500 .0000540 .0000580 .0000710 41.0000000
0000550 . 0000600 . 0000640 .0000680 . 0000720 41 . 5000000
0000560 .0000500 .0000540 . 0000580 . 0000720 42.0000000
0000550 . 0000510 .0000650 .0000590 . 0000730 42.5000000

.0000560 .0000510 .0000650 .0000690 . 0000730 43.0000000

.0000570 .0000510 .0000550 .0000700 .0000730 43.5000000

.0000570 .0000520 .0000660 .0000700 .0000740 44.0000000
0000570 . 0000520 . 0000650 .0000700~ .0000740 44.5000000

.0000580 .0000520 .0000670 .0000710 .0000750 45.0000000

.0000580 .0000630 .0000570 .0000710 .0000750 45.5000000

.0000580 . 0000530 . 0000570 • .0000720 .0000750 45.0000000

.0000590 - 0000530 . 0000580 . 0000720 .0000750 45. 5000000

.0000590 . 0000540 . 0000530 . 0000720 . 0000750 47.0000000
0000590 . 0000540 .0000690 . 0000730 .0000770 47.5000000

.0000500 . 0000540 . 0000590 , . 0000730 .0000770 48. 0000000
- 0000500 .0000550 . 0000590 .0000740 .0000780 48. 5000000,
- 0000500 .0000650 . 0000700 . 0000740 .0000780 49.0000000
.0000610 .0000550 .0000700 .0000740 .0000780 49.5000000
0000610 .0000660 .0000700 .0000750 .0000790 50.0000000

.0000510 .0000660 .0000710 .0000750 0000790 50.5000000
0000610 . 0000650 .0000710 .0000750 - 0000800 51 - 0000000

.0000620 .0000670 .0000710 , .0000750 .0000800 51.5000000
0000620 0000570 - 0000r20 . 0000750 .0000300 52.0000000

.0000520 .0000570 .0000720 .0000770 .0000810 52.5000000
0000530 .0000580 . 0000720 . 0000770 .0000810 53.0000000 .

.0000530 .0000680 .0000730 .0000770 .0003810 53.5000000
- 0000530 - 0000580 • 0000730 .0000780 - c-’00’3820 54. 0000000
- 0000540 - 0000590 . 0000730 . 0000730 - 0000820 54. 5000000

clrlr-,cRc4rl • . ricicici74ri . nnc~,n7nc~ cj~c’(c1p2c~ r-~c-jçjc1r1c~rj
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IF1L)L~k. ‘‘H L-’J’-’-l I II’1th~.Li

\P. S:JQ~ 0~5 ~iDso~ RJmfda~D~
.t1t-9L~O4U .L1UUUh~U .eiuuijrqo - ~0h00790 .0000830
0000540 . 0000700 . 0000750 . 0000790 . 0000830
0000550 . 0000700 . 0000750 . 0000790 . 0000840
0000650 . 0000700 . 0000750 . 0000800 . 0000840
0000550 .0000710 .0000760 .0000300 .0000840
0000550 . 0000710 . 0000760 . 0000800 . 0000850
0000550 . 0000710 . 0000760 . 0000810 . 0000850
0000550 . 0000720 .0000760 . 0000310 . 0000850
0000660 . 0000720 . 0000770 . 0000820 . 0000850
0000570 . 0000720 . 0000770 . 0000820 . 0000360
0000570 . 0000720 . 0000770 . 0000320 . 0000370
0000570 . 0000730 . 0000730 . 0000330 . 0000870
0000630 . 0000730 . 0000780 . 0000830 . 0000870
0000580 . 0000730 . 0000780 . 0000830 . 000 0380
0000580 . 0000740 . 0000790 . 0000840 . 0000380
0000530 . 0000740 - . 0000790 . 0000840 . 0000380
0000690 . 0000740 . 0000790 . 0000840 . 0000890
0000590 . 0000750 . 0000300 . 0000850 . 0000890
0000590 . 0000750 -. 0000300 . 0000850 . 0000500
0000690 . 0000750 . 0000800 . 00001350 . 0000900
0000700 . 0000750 •. 0000310 . 0000860 . 0000900
0000700 . 0000760 . 0000310 . 0000350 . 0000910

.0000700 .0000760 .0000810 .0000860 . 0000910
0000710 . 0000760 . 0000820 . 0000370 .0000910
0000710 . 0000770 . 0000820 . 0000870 . 0000920

.0000710 .0000770 .0000320 .0000370 .0000920
0000710 .0000770 .0000820 .0000370 .0000920
0000720 . 0000770 . 0000830 . 0000880 . 0000930
0000720 . 0000780 . 0000830 . 0000830 . 0000930
0000720 . 0000780 . 0000830 . 0000880 . 0000930
0000720 . 0000780 . 0000840 . 0000890 . 0000940
0000730 . 0000790 . 0000840 . 0000890 . 0000940
0000730 . 0000790 . 0000340 . 0000390 . 0000940
0000730 . 0000790 . 0000350 . 0000900 . 0000950
0000730 . 0000790 . 0000850 . 0000900 . 0000950
0000740 . 0000300 . 0000350 . 0000900 . 0000950

.0000740 .0000800 .0000350 .0000910 .0000960

.0000740 .0000800 .0000850 .0000910 .0000950
0000740 . 0000300 . 0000860 .0000910 .0000950

.0000750 .0000310 .0000360 .0000920 .0000970

.0000750 .0000810 .0000370 .0000920 .0000970
.0000750 .0000310 .0000870 .0000920 .0000970
0000750 . 0000820 . 0000870 . 0000920 . 0000980
0000750 . 0000820 . 0000870 . 0000930 - . 0000980
0000750 . 0000820 . 0000330 . 0000930 . 0000980
0000750 . 0000820 . 0000880 . 0000930 . 0000980
0000750 . 0000330 . 0000830 . 0000940 . 0000590
0000770 . 0000830 . 0000890 - . 0000940 . 0000990
0000770 . 0000830 . 0000890 . 0000940 . 0000990
0000770 . 0000330 . 0000390 . 0000950 . 0001000
0000770 . 0000340 . 0000390 . 0000950 . 0001000
0000780 . 0000340 . 0000900 . 0000950 . 0001000
0000780 . 0000840 . 0000900 . 0000950 . 0001010

.0000780 .0000840 .0000900 .0000950 .0001010

.0000730 .0000350 .0000910 .0000960 .0001010
0000790 . 0000350 . 0000910 • . 0000960 . 0001020

.0000790 .0000350 .2000910 .0000970 .0001020
.0000790 .0000850 .~0000910 - .0000970 .0001020
0000790 • 0000850 . 0000920 • 0000970 . 0001030
0000800 . 0000860 . 0000920 . 0000980 .0001030
0000800 .0000360 .0000920 .0000930 .0001030
0000800 . 0000850 .0000920 . 0000980 . 0001030
0000800 . 0000870 . 0000930 . 0000930 . 0001040
0000800 . 0000870 . 0000930 . 0008990 . 0001040

55. 50000~
55.0000000
55.5000000
57.0000000
57.5000000
58.0000000
58.5000000
59. 0000000
59.5000000
60.0000000
50. 5000000
61.0000000
61.5000000
52.0000000
52.5000000
53.0000000
53.5000000
54.0000000
54.5000000
55. 00000W
65.500000
65.000000
66.500000
67.000000
57.500000
58. 00000(
68.500000
59.000000.
69.500000
70. 00000W
70.500000
71.000000
71.500000
72.000000.
72.500000 -

73.000000
73.500000
74.000000
74.500000
75. 000000
75.500000
76.000000.
76.500000
77.000000.
77.500000
78.000000
73. 500000-
79.000000
79.500000.
80. 000000.
80.500000
31.000000 -

81.500000.
82. 000000
32.500000
33.000000
83.500000
84.000000
84. 500UL1L1

85.000000
35.500000
85.000000
85.500000
~7. 000000





JABJ.FR4. CONYINUEQ

La - k(n4fdaq)
.L1UL1~-1~1L1 .L1~US70 .L1L9Lfl~30 .0000990 .0001040
.0000310 .0000870 .0000940 .0000990 .0001050
.0000810 .0000380 .0000940 .0001000 .0001050
0000810 . 0000880 . 0000940 . 0001000 . 0001050
0000820 . 0000880 . 0000940 . 0001000 . 0001060
0000320 . 0000830 . 0000950 . 0001000 . 0001050

.0000820 .000039e’ .OOO@9~o .000i01o .ocio1a~o

.0000820 .0000890 .0000950 .0001010 .0001050
0000830 . 0000390 . 0000950 • 0001010 . 0001070

.0000330 .0000890 .0000960 .0001010 .0001070

.0000330 .0000900 .0000960 .0001020 .0001070
0000830 . 0000900 . 0000960 .0001020 . 0001080

.0000830 .0000900 .0000950 .0001020 .0001030
0000340 ~- .0000900 . 0000970 . 0001030 .0001030

.0000340 .0000910 .0000970 .0001030 .0001030

.0000840 .0000910 .0000970 .0001030 .0001090

.0000340 .0000910 .0000970 .0001080 .0001090
0000850 . 0000910 .. 0000980 . 0001040 . 0001090
0000850 . 0000920 . 0000980 . 0001040 . 0001 100

• 0000850 .0000920 .0000930 .0001040 .0001100
• 0000850 .0000920 .0000980 . 0001040 . 0001 100
.0000850 .0000920 .0000990 • 0001050 .0001100
0000860 . 0000930 . 0000990 . 0001050 . 0001 110

.0000860 .0000930 .0000990 .0001050 .0001110

.0000850 .0000930 .0000990 .0001060 .0001110
0000860 . 0000930 . 0001000 . 0001060 . 0001120

87.500000
85’. 000000
38. 500000
89.000000.
89.500000
90.000000
~e. ~aooos
91.000000
91.500000
92.000000’
92.500000
93.000000
93.500000
94. 000000
94.500000
95.000000.
95.500000
95.000000
95.500000.
97.000000
97.500000
98.000000
98.500000
99. 000000
59. 500000:

K





TABLE AS—WIDTH OF INFILTRATION BASINS (ret

)

O’3Q O~s .O’irn S 05& _____
2.65 2.83 3.08 3.26 ~3.44 .50
3.77 4.07 4.35 4.62 4.87 1.00
4.62 ‘ 4.99 5.33 5~66 5.96 1.50
5.33 5.76 5.16~ 5.53 6.89 2.00
5.96 5.44 6.39 7.30 7.70 2.50
6.53 7.06 7.54 8.00 8.43 3.00
7.06 7.62 8.15 8.64 9.11 3.50
7.34 8.15 8.71 9.24 9~74 4.00
3.00 8.64 9.24 9.30 10.33 4.50
3.43 9.11 9.74 10.33 10.89 5.00
3.85 9.56 10.22 10.34 11.42 5.50
9.24 9.93 10.67 11.32 11.93 6.00
9.52 10.39 11.11 11.78 12.42 6.50
9.93 10.78 11.53 12.22 12.89 7.00-

10.33 11.16 11.93 12.55 13.34 7.50
10.67 11.53 12.32 13.07 13.78 3.00
11.00 11.88 12.70 13.47 14.20 8.50
11.32 12.22 13.07 13.86 14.61 9.00
11.63 12.55 13.43 14.24 15.01 9.50
11.93 12.89 13.7-8 14.61 15.40 10.00
12.22 13.20 14.12 14.97 15.78 10.50
12.51 13.52 14.45 1S.~3 16.15 11.00
12.79 13.82 14.77 15.67 15.52 11;50
13.07 14.12 15.09 16.01 16.87 12.00
13.34 14.41 15.40 16.34 17.22 12.50
13.60 14;69~15.71 16.66 17.56 13.00
13.35 t4.97 15.01 16.98 17.90 13.50
14.12 15.25 16.30 1-7.29 18.23 14.00
14.37 15.52 15.59 17.60 13.55 14.50
14.61 15.78 16.87 17.90 18.37 th.00
14.85 15.04 17.15 18.19 19.18 15.50
13.09 16.30 17.43 18.48 19.43 16.00
15.33 16.55 17.70 18.77 19.79 16.50
15.56 15.30 17.96 19.05 20.03 17.00
15.73 17.05 18.23 19.33 20.33 17.50
16.01 17.29 18.48 19.61 20.67 13.00
16.23 17.53 13.74 19.38 20.95 18.50
16.45 17.76 18.99 -20.14 21.23 19.00
16.55 18.00 19.24 20.41 21.51 19.50
16.87 18.23 19.48 20.67 21.79 20.00
1,-.08 18.45 19.~-d 20.9g, 22.0h 20.511
17.29 18.63 19.97 21.18 22.32 21.00
17.50 13.90 20.20 21.43 22.59 21.50
1,’.711 19.1.~ 20.44 ~1.53 22.83 22.01J
17.90 19.33 20.57 21.92 23.11 22.50





TABLE fl5 CONflNOffP

fJTT~1~70.~Ik(M4W

13.10 1~.5S ~L1.~L1
2~.1h d.$.3b ~4.W0

13.29 19.75 21.12 22.40 23.51 23.50
18 48 ~q ~7 21.34 22.64 23.35 24.00
18.58 20.lr ~1.S,’ ~.87 24.11 ~4.50
18.87 20.38 21.79 23.11 24.35 25.00
19.05 20.58 22.00 23.34 24.60 23.50
19.24 20.78 22.22 23.56 24.84 26.00
19.42 20.98 22.43 23.79 25.08 26.50
19.51 21.18 22.64 24.01 23.31 27.00
19.79 21.37 22.85 24.23 25.55 27.50
19.97 21.57 23.05 24.45 25.73 28.00
20.14 21.75 23.26 24.67 26.01 28.50
20.32 21.95 23.46 24.89 26.23 29.00
20.49 22.14 23.67 25.10 26.46 29.50
20.67 22.32 23.86 25.31 25.68 30.00
20.84 22.31 24.06 25.52 26.90 30.50
21.01 22.69 24.26 25.73 27.12 31.00
21.13 22.87 24.45 25.94 27.34 31.50
21.34 23.05 24.55 25.14 27.56 32.00
21.51 23.23 24.84 .26.35 27.77 32.50
21.58 23.41 25.03 26.55 27.98 33.00
21.84 23.59 25.22 26.75 28.20 33.50
22.00 23.77 25.41 26.95 28.41 34.00
22.16 23.94 25.59 27.15 28.61 34.50
22.32 24.11 25.78 27.34 23.82 35.00
22.48 24.23 25.96 ~27.54 29.03 35.50
22.64 24.45 25.14 27.73 29.23 35.00
22.80 24.52 25.32 27.92 29.43 35.50
22.95 24.79 26.50 23.11 29.53 37.00
23.11 24.96 26.68 28.30 29.83 37.50
23.26 25.1225.8623.4930.0338.00
23.41 25.29 27.04 23.58 30.23 33.50
23.55 25.45 27.21 28.36 30.42 39.00
23.72 25.62 27.38 29.05 30.62 39.50
23.86 25.78 27.56 29.23 30.81 40.00
24.01 25.94 27.73 29.41 31.00 40.50
24.16 25.10 27.90 29.59 31.19 41.00
24.31 25.26 28.07 29.77 31.33 41.50
24.45 25.41 28.24 29.95 31.57 42.00
24.60 26.57 23.41 30.13 31.76 42.50
24.74 25.73 23.57 30.31 31.95 43.00
24.89 26.83 28.74 30.43 32.13 43:50
25.03 27.04 28.90 30.66 32.31 44.00
25.17 27.19 29.07 30.33 32.50 44.50
25.31 27:34 29.23 31.00 32.68 45.00
25.45 27.49 29.39 31.17 32.36 45.50
25.59 27.64 29.55 31.35 33.04 46.00
25.73 27.79 29.71 31.52 33.22 45.50
25.2.7 27.94 29.87 31.63 33.40 47.00
25.01 28.09 30.03 31.85 33.58 47.50
26.14 23.24 30.19 32.02 33.75 48.00
25.28 23.33 30.35 32.19 33.93 48.50
25.41 28.53 30.50 32.35 34.10 49.00
25.55 23.53 30.66 32.52 34.28 49.50
26.68 23.82 30.81 32.68 34.45 50.00
25.82 28.95 30.95 32.34 34.52 50.50
25.95 29.11 31.12 -33.01 34.79 51.00
27.08 29.25 31.27 33.17 34.96 51.30
27.21 29.39 31.42 33.33 35.13 52.00
27.34 29.53 31.57 33.49 35.30 52.50
27.47 29.67 31.72 33.55 :15.47 53~00
27.50 29.31 31.87 33.30 35.53 53.50
27.73 29.95 32.02 33.96 3S.80~ 54.00
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TABLE AS CIDNTINCED

0~3Q__c)•35__Q~~__O~-__o.so_____
27.85 30.09 32.17 34.12 35.97
27.93 30.23 32.31 34.28 35.13
28.11 30.35 32.45 34.43 35.29
28.24 30.50 32.51 34.59 36.45
23.35 30.64 32.75 34.74 36.62
28.49 30.77 32.90 34.89 36.78
28.61 30.91 33.04 35.05 36.94
23.74 31.04 33.18 35.20 37.10 I
28.86 31.17 33.33 35.35 37.26
28.98 31.31 33.47 35.50 37.42
29.11 31.44 33.61 35.65 37.53
29.23 31.57 33.75 35.80 37.74
29.35 31.70 33.89 35.95 37.89
29.47~31.83 34.03 36.10 33.05
29.59 31.95 34.17 36.24 38.21
29.71, 32.09 34.31 35.39 38.36
29.83 32.22 34.45’ 36.54 38.51
29.95 32.35 34.59 35.68 38.67
30.07 32.48 34.72 36.83 38.8?
30.19 32.51 34.85 .36.97 38.97_
30.31 32.73 35.00 37.12 39.13
30.42 32.86 35.13 37.26 39.28
30.54 32.99 35.27 37.40 39.43
30.56 33.11 35.40 37.55 39.53
30.77 33.24 35.53 37.59 39.73

30.89 33.35 35.67 37.83 39.88
31.00 33.49 35.80 37.97 40.03
31.12 33.61 35.93 33.11 40.17
31.23 33.73 36.05 33.25 40.32
31.35 33.85 36.20 38.39 40.47
31.45 33.93 35.33 38.53 40.51
31.57 34.10 36.45 38.57 40.75
31.63 34.22 35.59 33.31 40.91
31.80 34.34 35.72 38.94 41.05
31.91 34.47 36.85 39.08 41.19
32.02 34.59 36.97 39.22 41.34
32.13 34.71 37.10 39.35 41.43
32.24 34.33 37.23 39.49 41.52
32.35 34.94 37.36 39.52 41.77
32.46 35.05 37.43 39.75 41.91
32.57 35.18 37.61 39.39 42.05
32.58 35.30 37.74 40.03 42.19
32.79 35.42 37.36 40.15 42.33
32.90 35.53 37.99 40.29 42.47
33.01 35.65 33.11 40.42 42.51
33.11 35.27 38.24 40.55 42.75
33.22 35.88 33.35 40.59 42.89
33.3~ 3&.00 33.48 40.82 43.03-
33.43 35.11 33.51 40.95 43.16
33.54 35.23 38.73 41.08 43.30
33.55 35.34 38.85 41.21 43.44
33.75 36.45 38.97 41.34 43.53
33.85 35.57 39.10 41.47 43.71
33.95 35.68 39.22 41.50 43.85
34.07 36.80 39.34 41.72 43.98
34.17 36.91 39.-46 41.85 44.12
34.23 37.02 39.58 41.93 44.25
34.38 37.13 39.70 42.11 44.33
34.43 37.25 39.82 42.23 44.52
34.59 37.36 39.94 42.35 44.55
34.69 37.47 40.05 42.49 44.73’
34.79 37.58 40.17 42.51 44.92
34.89 37.59 40.29 42.74 45.05

54.50
55.00
55.50
55.00
55.50
57.00
57.50
58.00
58.50
59.00
59.50
50.00
60.50
51.00
61.50
62.00
62.50
53.00
63.50
54.00
54.50
65.00
65.50
66.00
56.50
57.00
67.50
68.00
63.50
69.00
69.50
70.00
70.50
71.00
71.50
72.00
72.50
73.00
73.50
74.00
74.50
75:00
75.50
76.00
75.50
77.00
77.50
78.00
78.50
79.00
79.50
30.00
80.50
81.00
81.50
82.00
32.50
83.00
83.50
84.00
84; 50
35.00
85.50



S



IMKLIZ fib (_QaVI jiJUtu

o~ o~w o~~co.~k(mfdazj)
35.00 37.80 40.41 42.35 45.18 85.00
35.10 37.91 40.53 42.99 45.31 85.50
35.20 38.02 40.64 43.11 45.44 37.00
35.30 38.13 40.75 43.23 45.57- 87.50
35.40 38.24 40.88 43.35 45.70 88.00
35.50 38.34 40.99 43.43 45.83 83.50
35.60 38.45 41.11 43.60 45.96 89.00
35.70 38.55 41.22 43.72 45.09 89.50
35.30 38.67 41.34 43.35 46.22 90.00
35.90 38.78 41.45 43.97 46.35 90.50
36.00 38.83 41.57 44.09 45.47 91.00
36.10 38.99 41.58 44.21 46.50 91.50
36.20 39.10 41.80 44.33 46.73 92.00
35.29 39.20 41.91 44.45 46.86 92.50
35.39 Th9.31 42.02 44.57 45.98 93.00

36.49 39.41 42.14 44.69 47.11 93.50
36.59 39.52 42.25 - 44.31 47.23 94.00
36.63 39.62 42.36 44.93 47.36 94.50
36.78 39.73 42.47 45.05 47.49 95.00
36.80 39.83 42.58 45.17 47.51 95.50

a 36.97 39.94 42.69 45.28 47.73 95.00
W 37.07 40.04 42.81 45.40 47.86 96.50

37.17 40.14 42.92 45.52 47.98 97.00
37.26 40.25 43.03 45.54 48.11 97.50
37.35 40.35 43.14 45.75 48.23 93.00
37.45 40.45 43.25 45.87 48.35 98.50
37.55 40.55 43.35 45.99 48.47 99.00
37.64 40.66 43.47 46.10 48.60 99.50
37.74 40.76 43.58’ 46.22 48.72



S



Appendix B



I



Cotr~puterprograms for design tables
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140 Z4=’r’. ‘100
150 OOSLIB210
160 NE:-<T ~

153 Z4=K
165 OCiSUB210

157 PRINT#1
170 NE:<T 1<

180
190
210
220. 230
240
250
260
270
280
290

300
310
320

Al.

1 OPEIll .4
10 PEN PROGRAM FOR INDUCED INFILTRATION TO GALLERIES
20 PRINT#1 .“TAE:LE Al—DISTANCE BETNEEN GALLERY AND RIVER”
25 PRINT#l :PRINT#1

• 30 DATA 5912000.-L5. 40 READ T..S
60 REM REPEAT ON NEW LINE FOR F =0.50 TO 100.00
70 FOR K=0.50 TO 100.00 STEP 0.50
90 REM PRINT ON ONE LINE FOR POROSITIES 0.30T0 0.50
100 FOP P=0. 30 TO 0.55 STEP 0.05
110 L=0. 9+SOP(k/~85400+P ‘+S+T’
120 -<=L#100
130 Y=INTCX

END
ST(‘P

“/1=3 :V2=2 :‘v’Zl :C,05L1B230 :F’PIFIT~1..‘.‘X
REM ‘LIST NO-’ ARRANC’E I N C CILLIMtIS
PEN V IS VALUE Vi. V2 PRINIS
V4=It-IT~V+10VV2-’-.5’
‘•.‘$=R I i:iHTS’, “ “+STF’$ (“/4.’ Vi +V2-’- 1 )
IF V2C1 0OT0310
FC’F’VS=V 1 +2TO”/ 1 -‘-“/2+ 1: IF ASC.( MIL’-S (‘..‘$ ,. ‘./5 -‘ ‘ C4:3THENNE)(T’.,.’S
‘./5&./5—’./ i—i

VS=MID-t(V-S ‘‘5 ,‘.,.‘l+l ‘+LEFT( “.00000” .V5+MID-E’”.”X .V5
IF ASC ‘VS C47 THEN V$=LEFTX( “#444-44.4+4+” ~V1+V2+2+(”.”2=0~
RETURN
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TRBLE 82

OPEt-I2 .4 :CMD2 :LIST
PRINT%2..”TABLE A2—D1’BTAH’LE BETWEEN RI’•/EP AND WELL”
I HPUTO 1

PEN I F4DLICEO I F-IF I LTRAT ION DI ‘3TANC E BETWEEN RI-/ER AND NELL
DATA 0.40.30.00.5912000
PRINTIt2 .01
READ PI.H..T
FOR 0=0.0000579 TO .0059 STEP .00011622 PEN G=INITIAL GUESS FOR A
LET ‘3=1.01
PEN F=FLINCT ION OF A
REM B=INPRO’-/ED GUESS
LET F=( 1/(50R’%G-—l ) ‘+(ATN( 1,~(S0R<G—15” ) )C i/O ‘—C3. 142401+01 $-T )/(F’4H#
LET 8=0+0. 1
IF FCO.01 THEN 40
LET 3=B
00 TO 30
LET A=B
LET L=O/(A*3.1424-01)
X=L+ 100
Y=INTC:-<

100
PRINT*2 .2
IF 0)0.0059 GO TO 4
IF 0(0. 0059 GO TO 56
NE<T 0
C-L (‘SE2
GO TO 4
END

1

4
• 5 OPEH2 .4

8 C-11D2
10
12

.1~
it’

13
24
26
23
30

4, 32
34

- . 35
38
40
42
44
46

48
50
52

— 54
55
C

C’
60



.
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1 OPEPI1 .4
10 PEN PROGPAII’, 1..~’ FOP DESIGN OF INFILTRATION BASINS

20 PRINT~1 “TABLE A3-DISTAFICE BETWEEN BASIN AND GALLERY”

I 25 PRINT%1:PPINT~i
30 DATA 5912000.1.5
40 PEAD T,S
50 PEN REPEAT ON NEW LINE FOP I~=0.50 TO 100.00
70 FOP K=0.50 TO 100.00 STEP 0.50
90 PEN PRINT ON ONE LINE FOP POPOSITIESO. 30 TO 0.50
100 FOP P=0.30 TO 0.55 STEP 0.05
110 L=SOR(K/<86400*.P)-+S-#T5
120
130

24=Y/100
GC’SLIB2 10
NE~<T P
24= V
GOSUB2 10
PF.INT+t1
NE:-~T K
END
STOP
21=24
V1=3 :2=2 :‘-,‘Zl :OOSLIB23O :PPINT#i .VS
REM ‘USING~ ARPANGE IN COLUMNS
PEN V IS VALUE: Vi. V2 PRINTS
V4=1NT’~V#10-1V2+.5’
V$PIGHTS(” “+STRS(V4’ .Vl-4-V2+l? :Q$V5
IF V2C1 GOTO310
FOR’-’~’=’-’1 +-‘Tri’./ ~ ~‘“ :—p. 1 IF AS~ M I ç’s~‘--‘S ‘-i’S r4:RTHENNE-eT’.,.”~
V5V5V 11
V4-=MI DS (VS .V5 . V.1 + 1) +LEFTS’~“ . 00000” . ‘--‘5 -‘ -i-MIDS( VS .‘-.-‘5~
IF ASC.(VS CA? THEN VS=LEFTS’ “4+44.4+4+4+” .Vi÷V2+2+(V2=0-’ 5

- TRI3LE ~3.

100
‘T’INT~.Jc.

140
150
150

153
155

157
170
180
190

I 210
220
230
240
250
c~hL1

270
280
250

; 300
- - 310
320 RETURN



a



T,A8LE A4.

1 OPEN1 .4
10 REM PROGRAM FOP INDUCED INFILTRATION TO GALLERIES
20 PRINT~1.“TABLE A4—FLON PER UNIT AOUIFEP WIDTH
25 PRINT#1 :PRINT*i

* 30 DATA 5912000.1.5.10.00

a 40 PEAD
W 50 PEN REPEAT ON NEW LINE FOR I’=O.SO TO 100.00

70 FOR K=0,50 TO 100.00 STEP 0.50
90 REM PRINT ON ONE LINE FOR FOPOSITIES0.3O TO 0.50
100 FOP P=0.30 TO 0.55 STEP 0.05
110 Q=H+SOR C V +S+P.’ C T+35400.’
120 :~:=o#1000000
130 ‘T’INT’.. ~:
140 24=Y.- 1000000
150 GOSUB210
160 NE<T P
155 24=1<
157 GOSLIB210
169 PRINT#1.
170 NE:-:T V -

180 END
190 ‘3TOP
210 21=24
220 V1=2:V2=7:V=Zi :GOSUB230:PPINT#1 .VS:”
230 REM USING’ ARPANGE IN COLUMNS

- 240 REM ‘./ IS VALUE: ‘-/1. V2 PRINTS
250 V4= INT ‘~V.4 lOt V2+. 51’
250 VS=R1t3HTS(” “+STR$CV4 .‘-~‘i+V2+1 ‘ :05V5
270 IF V2<i GOTO3IO
280 FORV5’-.-’ I +2TO’-.-’ 1 +‘-/2+ 1: IF ABC cr-i I El-ScVS . ‘-.-‘S ‘ ‘ ‘-43TNENNE~’T’--’5
290 V5=V5--Vi—l -

300 VS=MIDSCVS A’S .‘--‘l+l )+LEFTS’~“.00000” .V6”+MID$’. ‘--‘S ,V5
310 IF ASC’~VS1:47 THEN VS=LEFTS’~“4+4+4+4+4+” .Vi+’-~2+2+LV2=0”-.’
320 RETURN
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TRBLE AS.

I OPEN1 A
10 REM PF-OGPAM’%25 FOR DESIGN
20 PRII-IT#1 ..“TABLE AS—WIDTH OF INFILTRATION BASINS”
25 PRINT#1 :PRINT#1
30 DATA 59i2000.1.50..i0.00~0.0000O45
40 READ T .5 .H.V9
60 REM REPEAT ON NEW LINE FOR I~—=0.50 TO 100.00
70 FOR —=0.50 TO 100.60 STEP 0.5
90 REM PRINT ON ONE LINE FOR POPOSITIES 0.30 TO 0.50
1(10 FOR P=0. 30 TO 0.55 STEP 0.05
110 O=H+SOR’~F4S+P/(T’F364O0’
1 1 5 W=C’.-’V9
120 c;,:W+2)4-100
130
140 REM IS WIDTH OF INFILTRATION BASIN
145 14=Y.-100
150 GOSUB210
160 NE-(T P
153 24=K
155 GOSUB210

— 157 F’RItIT#l
170 NE:c:T K

180 END
190 STOP
210 Z1=4
220 “/1=2 :V22 :“/l :GOSLJB2:30 :FRINT%1 .VX :“

230 REM ‘USING~ ARRANGE It-I COLUMNS
240 REM V IS VALUE: Vi. V2 PRINTS
250 V4=INT’~V+101’V2-’-,5~
250 VSF?IGHT$(” “+STR$(V4’ .Vi+V2+i ‘:OSV-S
270 IF V2C1

~ 280 FORV5=V1-’-2TOV1-’-V2±1: IF ASC.(MID$’~V$ V5 -‘ -~c48THENNE:~TV5
290 V6=V5—Vi—i
300 VS=MIDScV$ .V5 .‘/l+l ‘÷LEFT$”“.00000” r’V’5 ‘÷MID$~’-/$,‘-/S -‘

310 IF ASC~~V$-~:47 THEN Vs=LEFT:”n#+*+*##+” ~Vi+V2±2±’-V2=0 ‘

320 RETURN
50825 X
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