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1.01 

01 An unconfined aquifer is situated above a semi-pervious layer, 

below which artesian water at a constant and uniform pressure rising 

to 0.6 m above datum line is present. The unconfined aquifer is 

recharged by rainfall in an amount of (UO)10~ m/sec and crossed by 
-6 ? 

a ditch, abstracting groundwater at a rate of (35)10 m /m'/sec. 

Due to this abstraction a cone of depression is formed, extending 

750 m at either side of the ditch, with waterlevels of 2.5 m above 

datum line at the water divides and 1.3 m above datum line at the 

ditch. 

What is the resistance of the semi-pervious layer against verti

cal water movement? <\o 

r i i 
The water balance for the strip 

of land between both water 

divides reads 

recharge 2PL = (2)(U0)10~9 (750) = \ - •'.• • 

= (60)10-6 m3/m'/sec 

V//////////////S///y////////?. 
abstraction q = 

(35)10 m3/m'/sec 

downward percolation 

I = (25)10"6 m3/m'/ sec 

On the other hand, this downward percolation equals 

h - <(> 
I = 2L 

with c as resistance of the semi-pervious layer against vertical 

water movement and h as average water table depth in the unconfine 
a 

aquifer. Assuming this water table to have a parabolic shape gives 

and 

h a = hQ + | (h 1 - hQ) = 1 . 3 + | ( 2 . 5 - 1.3) = 2.1 m 

2L(h a - <fr) ( 2 ) ( 7 5 0 ) ( 2 . 1 - 0 .6) , flM _j> 
c z = > f J 7 = (8U) 10 s e c 

1 ( 2 5 ) 1 0 - 6 



1-.02 

7.02 An unconfined aquifer is situated above a semi-pervious layer, 

below which artesian water at a constant and uniform level <J> is present. 

In the unconfined aquifer an area A is considered, composed of two 

equal parts A1 and A over which the resistance of the semi-pervious 
6 6 

layer against vertical water movement amounts to (30)10 and (90)10 

sec respectively. 

Calculate the resistance of the semi-pervious layer as average 

over the full area A 

a. in case the phreatic water table h in the unconfined aquifer is 

constant at 1.5 i above the artesian water table; 

b. in case the water table depth h is augmented to U.5 m and the 

water table depth h_ remains unchanged. 

The resistance c of the semi-pervious layer as average over the 

full area A is defined by the formula 

« = A ^ 

with Q as amount of downward percolating water. This amount must equal 

the sum of the downward water movement over both halves 

h - <(. A h - <J> A h - * 

c 2 Cl
 + 2 c2 

From this equation A falls out, giving as relations 

1.5 1 1.5 1 1.5 M •-s«« 
~ - S 6 + 7 * or c = (U5)10 
C 2 (30)106 2 (90)10

6 

6 
sec 

0.5O.5+U.5) 1 U.5 . 1 1.5 t*c\in£ 
—^—f- - r — * ' (L + -Z < or c = (36)10 sec 

2 (30)106 2 (90)106 

From this calculation the conclusion may be drawn that the average 

resistance of a semi-pervious layer against vertical water movement 

is not a geo-hydrological constant. 

\ 



I. IT 

1.11 An unconfined aquifer is composed of sand with a specific yield 

y of 35% and is situated above an impervious base. In this aquifer 

a gallery is constructed at a distance L parallel to a river. From 

the gallery, groundwater is abstracted in an amount of (0.1)10 
3 m /m'/sec, while an equal amount of riverwater is induced to recharge 

the aquifer. By this horizontal water movement, the saturated thick

ness of the aquifer drops from 18 m near the river- to 16 m near the 

gallery. 

Which distance L must be chosen to assure that the infiltrating 

riverwater stays at least 2 months in the sub-soil before it is re

covered by the gallery? 

• <*° 

With v as real velocity of 

horizontal water movement and T 

as required detention time, the 

minimum length of travel L equals 

L = vT = -£ T 

in which H is the average satura

ted thickness. In the case under 

consideration 

'. r. 

'^$^^^^^^S^ 

H = 0.5(18 + 1-6) = 17 m With T = 2 months = (5-3)10 sec 

Taking into account the concentration of flowlines in the immediate 

vicinity of the gallery, a distance of 100 m should be chosen. 





2.01-a 

2.01 An artesian aquifer is situated above an impervious base and 

is overlain by an impervious aquiclude. The thickness H of the artesian 

aquifer is constant at 16 m, its coefficient of permeability k at 

(0.60)10~3 m/sec. Two parallel fully penetrating ditches isolate in 

this aquifer a strip of land 2500 m wide. The water levels in the 

ditches are constant at 20 and 23 m above the impervious base respec

tively. 

At a distance of 800 m parallel to the ditch with the lowest 

water table, a fully penetrating gallery is constructed. Determine 

the capacity-drawdown relationship for this gallery. 

v s .•> J—; 

With the notations as 

indicated in the figure at 

the right, the equations of 
flow become 

Darcy 
ds 

*1 = k H d ^ 

continuity q. = constant 

combined dS = kH d X en—4-
integrated between the limits x = 0,s = 0 and x = L , s = s. 

si '-MLi or * i " kH 17 

similarly 
, q2 

S2 " kH L2 
or q2 = kH -

= q, + q2 = k H ( - + £-) 

According to the figure 

s, = s - — 1 o L. TT" (h2 * h1} 

so = s + 7—ZT~ (b0 - h , h subst i tuted 2 o L, + L0 2 i 

s s 
q = kH ( ^ + - ° ) 

L1 L2 



2.01-b 

With the da ta as given 

%= ( 0 . 6 o ) i o " 3 ( i 6 ) ( g ^ + T ^ ) s o 

q. = (1.77)10 s nT/m' /sec 



2.02 

02 An artesian aquifer vithout recharge from above or from below 
—3 has a constant coefficient of permeability k of (0.35)10 m/sec, 

but a thickness which varies linearly with distance. In this aquifer 

two fully penetrating ditches isolate a strip of land with a constant 

width of U200 m. The water levels in these ditches are constant at 

8 m and at 3 m above datum line, while the aquifer thickness at the 

face of the ditches amounts to 16 and 28 m respectively. 

How much water flows through the aquifer from one ditch to the 

other? 

Without recharge from 

above or from below, the rate 

of flow in the artesian aqui

fer is constant, equal to q . 

With the notations as indicated 

in the picture at the right, 

Darcy's law gives this rate of 

flow as 

q = - kfl — o dx 

H = H1 + 
H 2 - H 1 

with H variable with distance 

substituted 

qo = - k (H, + 
H2 - H1 

x) dh 
dx or 

dh = - -
dx 

H 2 " H 1 

Integrated between the limits x = 0, h = h- and x =L , h = h„ 

H. 

H " Hi 
In (H1 + - ~ — L x) 

h2 " h1 = " k H - H 
1
 H2 - In — 

1 H1 



2.02-b 

h1 " h 2 H2 " H1 
q = k ; — With the data supplied 
o L H2 

l n H ; 

- (n —Un~3 8 " 3 28 - 16 _ ,_ „Un-3 5 12 -
1 0 " (0.35)10 H200 n 28 " ( 0 - 3 5 ) 1 0 U 2 0 0 F 3 6 o r 

lnl6 
6 ? 

q = (8.9)10 m /m'/sec 
o 

With a constant thickness H, equal to the average value of 22 m, the 

discharge would have been 

h l " h? •} s fi ^ 
qQ = kH j — ^ = (0.35)10_J (22) - j ^ - = (9.2 )10"D mJ/m'/sec 

which value differs only 3% from the true discharge. 



2.03-a 

2.03 A leaky artesian aquifer of infinite extent has a constant coef-
-3 2 

ficient of transmissibility kH equal to (3)10 m /sec. The confin

ing layer at the bottom is impervious, the confining layer at the top 

semi-pervious with a resistance c of (0.2)10 sec against vertical 

watermovement. Above the semi-pervious layer an unconfined aquifer 

with a constant and uniform water table is present. 

In the artesian aquifer a fully penetrating gallery is construc

ted. What is its discharge for a drawdown of 2 m ? 

The flow of groundwa- ^SV^TT^S^TTT^^J 

ter in a leaky artesian aqui

fer may be described with the 

formulae 
t>V\racJtic 

Uv = A73M. "ill) Swi lZtSVhs I)' 

= C e - x A + C 'e + X / X
+ h 

q = c M e - x A _ c , k H e + x A 
A K 

with X = AHc' 

wa&ar tofcJe 

>//sAs////h/f///)^////;sy/////s////, 
li 

• '. • I I 

• ii 
• / . it 

r^^56^^^Q^^77777:^^>^^ 
and C and C integration 

constants to be determined 

from the boundary conditions. 

With an aepif-'er of. infi'nite eoctejnt, C = 0 , giving as flow formulae 

for the aquifer to the left of the gallery 

•u ̂. T- a. J.- x r, -x/X, . _ kH -x/X before abstraction <(> = C e + h q.. = C — e 

•u x. J.- x o -x/X, . ., kH -x/X during abstraction $ = C e + h q? = C„ — e 

The drawdowns and flowrates due to abstraction thus become 

s = 1 
>2 = (C1 - C2)e 

-x/X 

,„ „ \ kH -x/X 
V ^ - 12 = (̂  - C2) - e 

combined kH 
q̂  = — s and at the face of the gallery 

kH 
r̂ = I~ So =- *o 



The same calculation may be made for the aquifer to the right of the 

gallery, giving as total abstraction 

2a - 2 — - 2 / — s o X / c o 

With a drawdown s of 2 m and the geo-hydrological constants as 

given, the discharge becomes 

2q = 2 \/(3)10 , (2) = ( ̂ -5)10'6 m3/m'/sec. 
0 V(O.2)10 9 



2.0U-a 

2.0U A leaky artesian aquifer is situated above an impervious base 

and is overlain by a semi-pervious layer with a resistance of (0.3)10 

sec against vertical water movement. Above this layer an unconfined 

aquifer is present, having a constant and uniform water table at 5 m 

above datum line. To the right the artesian aquifer extends to infinity, 

to the left it is bounded by a fully penetrating ditch with a constant 

water level at 2 m above datum line. 

The thickness H of the artesian aquifer is constant at 8 m, but 
,-3 its coefficient of permeability k varies, being equal to (0.6)10 

m/sec for a 500 m wide strip bordering the ditch and equal to (0.2)10 

m/sec at greater distances inland. 

What is the outflow of artesian water into the ditch? At what 

distance from the ditch does the artesian water table reach a level 

of h.f m above datum line? 

-3 

Flow of groundwater in a 

leaky artesian aquifer - as 

shown m the picture at the f,.im 

right - may be described with 

the formulae 

_, . -x/X •_ +x/A , , 
• = Cfe + C2e : + hQ 

a = C ^ e" x A C ^ e + x A 
q S A e " C2 X e 

In case under consideration, 

however, k varies with distance, 

giving 

sphraatic tot 

T 
9 

—— •— LarkesLan cot 

1 r d o c u m lu 

>////;;//;//;//;;//;;///////////;;;///, 

• I . art«si.<xn ' ' 
' • aquifer 

• . . . i : . . ' . ' ' ' 
î — K'9 K'f r-l_t ' , K * K £ 

.•n -£8?m 

0 < x < L k = (0.6)10~3 m/sec, k H = (1+.8) 10-3 m2/sec 

X1 = /(U.8)10~
3(0.3)109' = 1200 m 

L < x k2 = (0.2)10~
3 m/sec, kgH = (1.6)10~3 m2/sec 

\2 = /(1.6)10"3(0.3)109 = 693 m 



2.0U-b 

The flow equat ions thus "become 

-x/X +x/X 
0 < x < L <j> = C e + C e + h 

k ^ -x/X ^ H +x/X 
q1 = C1 -r- e - C„ -i- e X1 2 X1 

-x/X +x/X 
L < x f2 s C e + C^e + hQ • 

k2H -x/X2 k2H +xA 2 

The integration constants C. to C. inclusive follow from the •boundary-

conditions 

x = 0 *1 = *0
 = C1 + C2 + ho 

-L/X +L/X -L/X +L/X 

x = L *1 = *2 ° r C l e + C 2 S ~ °3e + Cke 

k1 -L/X1 k1 +L/X 

* i = ^ or ci i ; e - c
2 1 7 e 

k -L/X k +L/X 

' C3 Xj e " C ^ e 

x -*• » *2 = ho 0r CU = ° 

With the data as mentioned above 

C1 + C2 = "3 

C1 + 2.30 C2 = 0.73U C3 

C1 - 2.30 C2 = 0.U22 C 

from which follows C = -2.68, C 2 = -0.32 and C = -H.6U 

The outflow of artesian water into the ditch thus equals 

k H k H k H 

-*01 = " C 1 ~ + C2"17 = (- C1 + C 2 } — 



2.0U-C 

- qQ1 = (2.68 - 0.32)
 {k\Q

2H
0 = (9^)10-6 m3/m'/ 

When it is provisionally assumed that the value $ = k.J m is 

reached at x > L, this value follows from 

U.T = - ̂ .6U e"
x / 6 9 3 + 5-00 or 

e-x/693 = <^|0 = 0 # o 6 U 6 j x = (2.7l*)(693) = 1900 m 

which value is indeed larger than L = 500 m. 





2.05-a 

2.05 A leaky artesian aquifer of infinite extent has a thickness H of 

—3 

15 m, a coefficient of permeability k equal to (0.U)10 m/sec, is si

tuated above an impervious base and is covered by a semi-pervious 

layer. Above this semi-pervious layer phreatic water is present with a 

constant and uniform level rising to 30.0 m above the impervious base. 

From the leaky artesian aquifer groundwater is abstracted by means 

of two parallel ditches with an interval L of 1800 m. The water levels 

. in the two ditches rise to 20.0 and 22.0 m above the impervious base 

respectively, while between the ditches the maximum artesian water 

table equals 2U.0 m above the impervious base. 

What is the resistance c of the semi-pervious layer against ver

tical water movement? 

The one-dimensional flow 

of groundwater in a leaky ar

tesian aquifer can be described 

with 

4 = C i e"
x A + e^e + x A + h with 

A =\ /kHc 

According to the data provided 

x - 0,- • •» 20 • C + C2 + 30 

1777 4Z2 •ZZZZZZ&ZZZZZ2 r777r<S//t//2-ZZl 

20m h=3dm 24 m 0 

Z 

22m 

4m^x><^^m&xm\ 
• * -x 

L a1800m 

c1 + c2 = -10 (1) 

x = 1800, * = 22 = C l e - 1 8 0 0 / A + c 2 e + l 8 0 0 / X - 30 C e " 1 8 0 0 7 * - C 2 e + l 8 0 0 A = -8 [£ 

At the s i t e of the maximum water l e v e l , —•"- = 0 
. dx 

n - ° 1 . - x A . C2 +xA x/X 
0 = - — e + — e o r e 
f o r <j> 

=VF Substi tuted in the formula 



2.05-b 

This gives 

( D c1 +-^f-= -10, c2 + ioc1 + 9 = 0 c1 = - ^ ± 4 f i o o - 36'« -5 + h 

C1 - -1, C2 = -9 and C1 = -9, C2 = -1 

Substituted in (2) with e = z 

z z 

9z - 8z + 1 = 0 z2 - 8z + 9 = 0 

z1 = 0.738, X = -5936 m z' = 6.6U6, X = 950 m 

z2 = 0.150, X = -950 m z2 = 1.35*+, X = 5936 m 

X2 -^ -3 
With .c= ̂  and kH = (O.U)IO J(15) « (6)10 3 

2 

c = '?50^ , = (0.1505)109 sec = ksJj years 
(6)10~3 

2 

c =i5936_L = (5.8T2)10
9 sec = 186 years 

(6)10~3 

With a resistance of 186 years, the recharge of the leaky artesian 

aquifer from above would be extremely small and the possibilities of 

groundwater recovery next to negligible. The correct value consequently 

is c = k.JJ years. 



2.11 

2.11 Two parallel fully penetrating ditches have equal waterlevels of 

5 m above the impervious base. The unconfined aquifer in -between 

has a width of 300 m and a coefficient of permeability k equal to 
—3 

(0.25)10 m/sec. Due to evapo-transpiration the aquifer loses water 
,-6 in an amount of (0.12)10~U m/sec. 

What is the lowest level of the ground-water table? 

With the notations as indicated in 

the figure at the right, the equations <7 

of flow become 

Darcy 

t u t. i r. t r 
a = - kh -r— 

dx 

continuity q = - Ex 

combined hdh = — xdx 
k ^S^XX><XAWxf*>0\^^ 

integrated between the limits x = 0, h = h and x = L, h = H 

H2 - h 2 = S L2 

o k 

With the data supplied 

2 5 , h 2 = ( 0 . 1 2 ) l 0 -
6
( l 5 Q ) 2 

0 (0.25)10"3 

h = 25 - 10.8 = 1U.2, o 
h = 3.77 m. 
o 





2.12-a 

2.12 An unconfined aquifer is situated above an impervious base and 

is composed of sand with a coefficient of permeability k equal to 

(0.15)10 m/sec. In this aquifer two fully penetrating ditches form 

a strip of land with a constant width of 1200 m. The water levels in 

the ditches rise to 18 and 20 m above the impervious base respectively, 

while the recharge by rainfall minus evapo-transpiration losses P amounts 

to (23)10~9 m/sec. 

What is the outflow of groundwater to both ditches and what is 

the maximum elevation of the groundwater table? 

Going out from the picture at the 

right, the equations of flow may be 

written as 

Darcy ,, dh 
q = - kh — 

dx 

continuity -r* = P or q = Px+C, 

P 1 
combined hdh = - — xdx - -— dx 

k k 

2 P 2 2C1 integrated h = - — x - — — x + C 
K K £_ 

OTfeOTstomto 
1200 m-

With the values of P and k as mentioned above, the boundary conditions 

give 

x = 0, h = 18; (18)2 = C2 or C2 = 32U 

x = 1200, h = 20; 

(20 ) 2 = - ( 2 3 ) l 0" 9,d200) 2--^l 
(0.15)10 (0.15)10 -3 

(1200) + 32U 

from which follows 

c1 = - (18.7)10 
-6 

q = (23)10~9 x -(18.7)10 
-6 

The outflow of groundwater in the ditches occurs at 

-6 ? 
x = 0, - q = (18.7)10 ni /m*/sec 



2.12-b 

x = 1200, q = (23)10_9(1200) - (18.7)10- or 

q = (27.6)10-6 - (18.7)10~6 = (8.9)10~6 m3/m'/sec 

Inside the strip of land the groundwater table reaches its maximum 

elevation at the water divide. Here q = 0 or 

0 = (23)10~9 x -(18.7)10 , x = 812 m 

This gives as water table elevation 

h2 = _ (23)10-
9
 (8l2)2 + (2)(18.7)10-

6
 ( 8 1 2 ) + ^ 

(0.15)10_:S (0.15)10"J 

h2 = - 101 + 203 + 32U = U26, h = 20.7 m 



2.13-a 

2.13 An unconfined aquifer is situated above a semi-pervious layer and 

is composed of sand with a coefficient of permeability k equal to 
—3 

(0.15)10 m/sec. In this aquifer two fully penetrating ditches form 

a strip of land with a constant width of 1200 m. The water levels in 

the ditches rise to 18 and 20 m above the semi-pervious layer respec

tively, while the recharge by rainfall minus the losses due to evapo-

transpiration P amounts to (23)10 m/sec. 

The resistance c of the semi-pervious layer against vertical 

water movement amounts to (320)10 sec. Below this layer artesian water 

is present with a constant and uniform level <{> rising to 17.5 m above 

the base of the unconfined aquifer. 

What is the outflow of groundwater to both ditches and what is 

the maximum elevation of the groundwater table? 

When for the unconfined 

aquifer above the semi-per

vious layer a constant coef

ficient of transmissibility artesian 
uiaisr tabic 

kH may be assumed, the 

groundwater flow in this 

aquifer is governed by 
//////////7V7///////'/////////// 

, _ -x/A,_ +x/X _ 
h = C e +C -e + Pc + < 

„ kH -x/X _ kH +x/X 

* = ciT e " c2~ e 

• x . 
—Lmnoom-

with 

X = /kHc and the integration constants C and C to be determined from 

the boundary conditions. 

When the average saturated thickness of the aquifer is provisionally 

estimated at 19 a, the geo-hydrologic constants become 

kH = (0.15)10-3 (19) = (2.85)10~3 m2/sec 

X = /(2.85)10-3 (320)l0b = 955 m 

Pc = (23)10"9(320)10 = 7.36 m 

Substitution of the boundary conditions gives 



2.13-b 

x = 0 , h = 18 = C1 + C2 + 7.36 + 17.5 

x = 1200, h = 20 = C l e - 1 2 0 0 / 9 5 5 + ^ + 1 2 0 0 / 9 5 5 + ? ^ + ^ ^ s i m p l i f i e d 

-6.86 = c + cg 

-U.86 = -=j + (3-51)C from which follows 

C1 = -5-96 C2 = -0.90 

This gives as rate of flow 

4 - -(5.96)^
2-8^0'3 e-^55 + (o.90)

(2-g)10"3 e+x/955 
955 955 

= - ( 1 7 . 8 ) 1 0 - V X / 9 5 5
+ (2.7)10"

6 e + x / 9 5 5 

The outflow of groundwater in both d i t ches thus become 

sr /r c o 

x = 0 , - q = + (17 .8 )10 " - ( 2 . 7 ) 1 0 " = (15 .1 )10 " nT/m' /sec 

x = 1200, q = - ( 1 7 . 8 ) 1 0 - 6 a " 1 2 0 0 7 9 5 5
 + (2 .7) l O ' V 1 2 0 0 7 9 5 5 -

6 ? 
= (U.U)10 m / m ' / s e c 

Ins ide the s t r i p of land the groundwater t a b l e reaches i t s maximum 

e leva t ion a t t he water d i v i d e . Here q = 0 or 

0 = - ( 1 T . 8 ) 1 0 - 6 e - x / 9 5 5
 + ( 2 . 7 ) l 0 " 6 e + x / 9 5 5 

e 2 x / 9 5 5 = l L l = 6 > 6 o = e 1 . 8 9 o r x = ( L 8 9 ) ( 9 ^ ) = go2 m 

and h = - 5.96 e " 9 0 2 7 9 5 5 - 0 . 9 0 e + 9 0 2 / 9 5 5
 + 7-36 + 17-5 

h = -2 .32 - 2.31 + 7.36 + 17.5 = 20.2 m 

The calculations made above in the meanwhile, are based on 

the assumption that the average saturated thickness H of the uncon-

fined aquifer amounts to 19 m. To check this assumption, the loss 



2.13 

of water downward through the semi-pervious layer will be calculated. 

On one hand this loss equals the recharge by rainfall minus the out

flows to the sides 

q. = (23)10~9 (1200) - (15.D10"6 - (h.k)^0~6 = (8.D10-6 

1 

With A as difference in water level above and below the semi-pervious 

layer, this loss on the other hand equals 

q. = £ L = A , (1200) = * g 
1 C (320)105 (0.26T)l0b 

Equality of both losses gives 

A = (8.1)10 (0.267)10 = 2.16 m 

With the artesian water table at 17.5 m, the average water table depth 

in the unconfined aquifer above the semi-pervious layer equals 

H = 17.5 + 2.16 = 19.7 m 

or k% more as the assumed value of 19 m. This difference, however, 

is still so small that recalculation is hardly required. 





2.1U 

2.1U A semi-infinite unconfined aquifer is situated above a horizontal 

impervious base and bounded by a fully penetrating ditch. The water 

level in the ditch is constant at 20.0 m above the base, while the 

groundwater table rises to 22.0 and 29.0 m above the base at distan

ces of 500 and 3000 m from the ditch respectively. The outflow of 

groundwater into the ditch equals (2i+)l0~ m /m'/sec. 

How large is the average groundwater recharge P by rainfall? 

What is the value of the coefficient of permeability k of the aquifer? 

With the notations of the 

figure at the right, the equa

tions of flow may be written 

as 

Darcy q = kh 
dh 
dx 

continuity q = q - Px 

Ho P 
combined hdh = -—dx - —xdx 

k k 

M I N I 

X^%VXX><AA^VyV^V>0><XXAVVV^ 

2 2% . . 
integrated h = ~TT~X- - ~ x + c With the boundary conditions x = 0, 

P_ .2 
k 

h =. . ! , H2=iC or 

2 2 ^p • P 2 

h = H + - rp- x - — x the water t a b l e e l eva t i ons a t x = 

500 m and x = 3000 m thus become 

( 2 2 ) 2 = ( 2 0 ) 2 + i U 8 1 l 0 i ( 5 0 0 ) _ £ ( 5 0 0 ) 2 

or P = (96)10~9 - (336)lO _ 6k 

( 2 9 ) 2 = ( 2 0 ) 2 + ™ 1 ° ~ (3000) - £ (3000) 2 

P = (16)10~9 - ()49)l0"6k 

from which equations follows 

k = (0.28)10~3 m/sec, P = (2.3)10~9 m/sec 
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2.15 A semi-infinite unconfined aquifer is situated above a semi-per

vious layer and bounded by a fully penetrating ditch with a constant 

and uniform water level at 25 m above the top of the semi-pervious 

layer. The unconfined aquifer has a coefficient of permeability k 

equal to (0.16)10 m/sec and is recharged by rainfall P in an amount 
—9 

of (50)10 m/sec. The semi-pervious layer has a resistance c of 

(80)10 sec against vertical water movement. Below this semi-pervious 

layer artesian water is present. The artesian water table is uniform 

and constant at 23.5 m above the top of the semi-pervious layer. 

At a distance of 300 m parallel to the ditch a circular gallery with 

an outside diameter of 0.U m is constructed, with its centre 12 m above 

the top of the semi-pervious layer. From this gallery groundwater is 

abstracted in a constant amount of (65)10~ m /m'/sec. 

What is the drawdown at the face of the gallery and what is the 

remaining water table depth at 1 km from the ditch? Which part of 

the groundwater abstraction is taken from the ditch? 

Before pumping the gallery, the 

water table elevation h and the rate 

of flow q in the unconfined aquifer 

are given by 

lp I 

h » C i e ~ x / X + C 2 e + x / A + Pe + 4 

_ _ i t , . -x/X „ kS *tt/X „_ 
« ' c i l e - c

2 T e " w r t h 

\ = vffic 

1' 
H t 

.W 

1 1 1 ! 
pf>r«'afcic uattt* ialbla-

s\ X. • • Inconstant . 
) -r-9 •' • artesian cat 
'. ' T - •• • ' •• • . ' . • •• • • 

yj^j.!»jryj?/jui.>.j\j.*.* 'i\i 1 . j ' j j '1 1 I'I .} j j 

-» . X 

The values of the integration constant 

C. and C2 follow from the boundary conditions 

at x = 0, h = H = C + C + P c + <|> 

at x to infinity, h remains finite or C? = 0 

With the data as given 

25 = C1 + (50)10~
9 (80)106 + 23.5 » C1 + 27.5, C1 = - 2.50 

A = /(0.16)10~'J(25)(80)106 = 565 m and 
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h = -2.50 e + 27.5 This gives at the location of 

the gallery x = L = 300 m as water table depth "before pumping 

h = -2.5 e"
300/565 + 27-5 = -1.U7 + 27.5 = 26.0 m o 

During pumping, the aquifer may be subdivided in 2 parts 

0 < x < L 

h* = C;e"x/X + C£e+x/X+ Pc + $ 

, _, kH -x/X _tkH +x/X .^, , . ..^. 

q' = C' — e - C ' — e with as boundary conditions 

x = 0, h* = H = C} + C» + Pc + <j> 

L < x < » 

h" = C!J e"x/X + C£ e + x A + Pc + * 
„ n„ kH -x/X n„ kH +x/X ... ' , j-4.-q = C — e - C" — e with as boundary conditions 

x -»• °° , h" remains finite or C" = 0 

At x = L the boundary conditions are 

h. = h" c;e"L/X+ C^e+L/X+ Pc + cfr = C'1
,e"L/X + Pc + 4 

q' - q" = q C! ̂  ^K c, ffi e^K C» M e^K q With u H ^0 1 X 2 X 1 X ^o 

e+L/X = e+300/565 . 1 > 7 0 > ffi . ( 0 . l 6 ) ( l 0 - 3 ) (2^ ) = ( T . Q 8 ) l 0 - 6 

25 = C} + C£ + 27-5 or q + Zx
2 = -2 .5 

c; c» 
+ 1.70 Cl = -r-^r CI + 2.89 CI - C1; = 0 1.70 ' 2 1.70 1 ^ 2 "1 

, , !_ _ (65)10 

' 2 ~ 1 ' T 0 " (7 .08)10 
TTio- 1 ' 7 0 C 2-T7fo - a , ^ ! ° " -6 c; - 2.89 c- - c; = 15.6 
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from which equations follows 

C* = + 0.20 C' = - 2.70 C" = -7.61 

At the face of the gallery, x = L = 300 m, the water table elevation 

thus becomes 

h» = -7-4S - (2.70)(1.70) + 27.5 = 0.12 - U.59 + 27-5 = 23.0 m 
o 1.70 

giving as drawdown of the fully penetrating gallery 

s = h - h' = 26.0 - 23.0 = 3.0 m 
0 0 0 

To this drawdown must be added the influence of partial penetration. 

With the gallery about halfway the saturated depth of the aquifer 

A *o , H As = r r In o 2irk 2irr 

As = 
o 

(65)10 -6 
,-3 

In 
25 0.065 In 20 = 0.2 m, together 

2TT(0.16)10~J 2TT(0.2) 

s' = s + As = 3.0 + 0.2 = 3-2 m 
0 0 o 

At 

equals 

x = 

h" = 

h" = 

1 km = 1000 m, the water table depth during pumping 
-x/X 

c;e 
+ Pc + 

-7.61 e-1OO0/565 + 27.5= -1.3 + 27.5= 26.2m 

To determine which part of the gallery yield is taken from the boun

ding ditch, the water balance for the strip of land between the gal

lery and the ditch must be determined. The 

flows as indicated in the picture at the 

right equal 

*r 
= PL = (50)10"9(300) = 

= (15)10 nT/m'/sec 

^ . 
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_ _, kH _, kH 
Si = Cl T " C2 -T 

qd = (0.20)(7.08)10~
6 + (2.70)(7.08)10~6 = (21)10-6 

"qa " C1 F e 

qa = (7.61)(T.08)10
-6 Y ^ = (32)10-6 

70 

-6 qQ = (65)10 

qi = S- + qd + 4a " qo = (15)10"6 + (21)10"6 + (32)10-6 -

-(65)10~6 = (3)-10~6 

From the inflow q, from the ditch at (21)10~ m /m'/sec, an amount 
-6 

of (3)10 will percolate downward through the semi-pervious layer 

to the artesian aquifer "below, leaving (18) 10 to "be abstracted by 

the gallery. The yield of the gallery thus consists for 

(101 in 

T 100 or 28$ of water derived from the ditch. 
(65)l0"b 
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2.16 A strip of land with a constant width of 2000 m is situated 

between a fully penetrating ditch and an outcropping of impervious 

rocks. The geo-hydrological profile of this strip shows an unconfined 

aquifer above an impervious base with a coefficient of permeability 
-3 

k equal to (0.2^)10 m/sec, recharged by rainfall in an amount of 

(18)10 m/sec. The water level in the bounding ditch is constant at 

20 m above the impervious base. 

At a distance of 500 m parallel to the ditch a fully penetrating 

gallery is constructed and pumped at a constant rate of (30)10 

m /m'/sec. 

What is the drawdown of the water table at the gallery and at the 

rock boundary? 

Before pumping the gallery, the flow in the strip of land is 

governed by 

dh 
Darcy q = -kh, 

'1 dx 

continuity q = -P(L - x) 

PL Px 
combined h,dh, = :—dx-:;—dx 

1 1 k k 

2 2PL P 2 integrated h = —:—x - rx + C i k K 

With the boundary condition 

x = 0, h^ = H, C = H2, sub

stituted 

. 2 „2 2PL P 2 
h i - H = I T X - T X 

In the case under consideration 

2_ ( 2 Q ) 2 = ( 2 ) ( l 8 ) l 0 - 9 ( 2 0 0 0 ) x _ (iS)^9 J o r 

(0.2U)10~^ (0 .2U)10 " J 

h 2 = U00 + X 
- ( — ) 2 

3.33 V115 
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x = 1 = 500m, h:
2= U00 + |^_ _(12|) = Uoo+150-19 = 531 , h1 x = 23.1 m 

2 
x = L =2000m, h^= UOO + ~ | _(£Q5£) = U00+600-303= 697, h1 L = 26. U m 

During abstraction the equations of flow are 

0 < x < 1 
dh2 

Darcy q = -kh2 -^-

continuity q = q - P(L - x) 
o 

combined h0dh„ = - -— dx + :— dx - :— dx 2 2 k k k 

intergrated between the limits x = 0, h = H and x = 1, hp = h 

,2 _2 2qo . A 2PL . P .2 
h 2 , l ' H =~ — 1 + — 1 ' K 1 

h2 _(20)2 = _ (2)(30)10- (50Q) + 10p^ _ (52|}J 
2'X (0.2U)10"3 3"33 115 

h2 = U00 - 125 + 150 - 19 = U06, h = 20.1 m d. ,1 o 

The drawdown at the face of the gallery thus becomes 

Sl = h1 1 ~ h2 1 = 23'1 " 2 ° ' 1 = 3*° m 

1 < x < L 

dh. 2 Darcy q = - khg — 

continuity q = - P(L - x) 

combined h_dh„ = -— dx - -— dx 2 2 k k 

integrated between the limits x = 1, h = h0 . and x = L, h0 T 
d,± d ,1J 
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, 2 , 2 _ 2PL ,_ .» P , _ 2 . 2 . 
h 2 , L - h 2 , l ~ ( L " 1 } " k ( L " X } 

*2 ]n£ 1500 / 2 0 0 0 s 2 _,_ , 5 0 0 v 2 

h2,L " U ° 6 = 3 ^ 3 3 - ( ~ } + W 

h^T = ^06 + U50 - 303 + 19 = 572, hOT = 23.9 m and 

sT = h. r - h_ = 26.U - 23.9 = 2.5 m 
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17 An unconfined aquifer is situated above an impervious base and 

is composed of sand with a coefficient of permeability k equal to 
—3 (0.3)10 m/sec. In this aquifer two fully penetrating ditches form 

a strip of land with a constant width of 1500 m. The water level in 

the left-hand ditch rises to 20 m above the impervious base, the water 

level in the right-hand ditch to 22 m, while the maximum groundwater 

table elevation inside the strip equals 25 m above the base. 

What is the value of the recharge P by rainfall? 

With the notations as 

indicated in the figure on the 

right, the equations of flow 

may be written as 

Darcy 

Continuity 

combined 

integrated 

q = -kh dh 

dx 

dx 

P or q » Px + C 

hdh = - ~ x dx - £~dx 

2C 

1 ( \ I \ I t 

\'q 
h • [. 25m >*' 

kiCoikr3 ™ts 

22m 

^^^^^^^^5^^$S^^ 
M- 1500 m 

2 P 2 

Substitution of the boundary conditions gives with the known value of 

k 

x = 0 m, h = 20 m U00 = C 

x = 1500 E , h = 22 m kQk = -(7-5)109 P - (10)10 C + C£ 

Inside ,the strip of land, the highest groundwater level occurs at 

the water divide. Here q - 0 or x = 1 
P 

,2 
2c: 

x = p 1 , h = 25 m 625 = 
(0.3)10"3P (0.3)10"3P 



Elimination of C? = UOO gives 

8U = -(7.5)109P - (10)106C 

C2 

225 = L - = - , C2 = (67.5)10"3P, C = - 0 . 2 5 9 ^ / P -

(0.3)10~3P 1 1 V 

P - (0.31+6i+)lO~J\/p + ( 1 1 . 2 ) 1 0 " 9 = 0 

p . . ( 0 . 3 W ) 1 0 - 3 , 1 ^ ( 0 , 3 ^ ) ^ , 0 - 6 . w ( n . 2 ) , 0 - 9 

\ / p = + (0 .1732)10~ 3 + (0 .1371)10" 3 = (0,3103)10""3 

P = (96 .3)10~ 9 m/sec = 3.0U m/ jaa r 
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18 An unconfined aquifer is situated above a horizontal impervious 

base and is recharged by residual rainfall P in an amount of 

(30)10"^ m/sec. In this aquifer two fully penetrating ditches form 

a strip of land with a constant width of 1600 m. The waterlevels in 

both ditches are the same, rising to 20 m above the impervious base, 

while in the centre of the strip of land the water table attains a 

height of 25 m above the base. 

Questions: 

a. What is the value of the coefficient of permeability? 

b. What is the maximum lowering of the groundwater table when in the 

centre of the strip of land a fully penetrating gallery is pumped 

at a constant rate of (2*010" m /m ,sec? 

With the notations as 

indicated in the picture 

on the right, the equations 

of flow become 

Darcy 

continuity 

combined 

dh 
q, = - kh -7— 
* dx 

dg,< = 
dx 

hdh = 

P or q, = Px + C 

I xdx - ~ dx 

,2 P 2 
h = - 7- x -

k 

2C1 
IT 

P =(30)10*9m/sec 

1 \ \ I \ l I 

Substitution of the boundary conditions gives 

x - 0 , h = 25 m 625 • C2 

(19 2)10"3 16°° C1 
x = 800, h = 20 m UO0 = - U ^ ; 1 U ^—L + C2 

x = 0 ,q. = 0 0 = C\ 

or after elimination of C and C 

( 
,-3 ,-3 

U o o . .v19.2)l(T' + 6 2 5 j k = 09.2)10-' . ( 8 5.3 ) l 0-6 m / 
sec 
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With groundwater abstrac

tion by a fully penetrating gal

lery in the centre, the equa

tion of flow remains the same 

and only the boundary conditions 20m 

change 

P.(30)l(f9m/s 

x = 0 q. » - (12)10 -6 

":iq|j!(24Jf0^nc,s/m/s-

1 

k*(8&3)lOa<rfn/i " • 

20m 

x = 800 m, H = 20 m, 1+00 = - 225 + (18.76)10 C + C2 

This gives C = - (12)10* , C2 = U00 

The maximum lowering of the groundwater table occurs in the centre, 

at x = 0 

h 2 * C , 400 , h = 20.0 m , sQ = 5 m 
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2.19 An unconfined aquifer is situated above an impervious "base and 

has a recharge by residual rainfall P equal to (25)10 m/sec. In 

this aquifer two parallel and fully penetrating ditches form a strip 

of land with a constant width L of 1600 m. The water levels in both 

ditches are the same at 20.0 m above the impervious base, while in 

the centre of the strip of land the groundwater table rises to 2U.0 m 

above the base. 

It is planned to construct a fully penetrating gallery at a 

distance 1 = 200 m parallel to the left-hand ditch and to abstract 
-3 3 from this gallery groundwater in an amount of (0.08)10 m /m,sec. 

What will be the remaining water table depth at the gallery and 

how much water from the bounding ditches will be induced to enter the 

aquifer? 

To determine the coeffi

cient of permeability of the 

aquifer, the existing situation 

must first be analysed. With the 

notations of the picture at the 

right, the equations of flow hr20m 

may be written as 

.Ml 
<J> P=(25)1(T9m/sec 

i l l 

Darcy 

combined 

integrated 

dh 

7%.<r^ or q-= I * + ' C i 
Cue : I 

P C1 
hdh = - — xdx - — dx 

L =1 W®W* 

P 2 
~ k X 

2C 
x + C, 

k " • " 2 

Subst i tut ion of the boundary conditions gives 

x = 0 , h = 20 m 

x = 800 m, h = 2k m 

x = 800 m, q = 0 

from which follows 

400 

576 

0 

C1 

576 

(16)10~3 

= C 

. i s i i s l ( 8 0 0 ) 2 . f!i (800) + c, 

(25)10™9(800) + C, 

,-6 
1 

= - ( 2 0 ) 1 0 " , C2 = U00 and 

„ . Ui l lO^ + (32Ml + Uoo 
k k 

- I T * 1- - ( i 6 ) i o " 3 _ ,n^.„-6 , = 17o, k = — ^ = (91)10 m/ sec 
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With abstraction, the equa

tion of flow are exactly the same. 

With other boundary conditions, 

however, the integration 

C. and C? will also have other 

values. 

This gives 

0 < x < 1 

q = Px + C' 
PC» 

2 P 2 1 

and with t h e boundary c o n d i t i o n s 

x = 0 , h = 20 

q0=(0.08)10-3m3/m',sec 

>* P=(25)10"9m/sec 

\ \ \ \ \ \ \ 

•L=1600m 

x = 200, h = h 

x = 200, q = aj 

Uoo = c*2 

h2 m _ 122)101 (200)2 _ J f i (2Q0) + 
0 (91 ) ! 0 " b (9D lO~ b 2 

q' = (25)10"9(200) + C' or 

h2 = 389.01 - (U.396)10 C' 
o i 

-6 q{ = (5)10"U + Ĉ  

1 < x< L 

a = Px + C" 
?c" 

2 P 2 1 
h = - — x - X + C" 

and with the boundary conditions 

x = 200, h * h h2 a _
 ( 2^ 1 0~ g (200)2 - i_g (200) + c; 
(91)10' (91)10' 

,-9 2C" 
x = 1600, h = 20 U00 = - ( 2 5 ) 1° / (1600)2 - • T (1600) + C" 

(9Dl0'b (91)10" 2 

X = 200, q = qj q" = (25)10~9(200) + C" or 

h2 = 1092.31 + (30.769)10 C" 
o 1 

-6 q̂  = (5)10"U + C" 
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2 
For x = 1, both values of h must be the same 

o 

389.01 - (U.396)10 c» = 1092.31 + (30.769)10 C1 

while the abstraction equals 

q o = ( 0 . 0 8 ) 1 0 ~ 3 = q^ - <q = ( 5 ) 1 0 " U + C; - ( 5 ) " 3 = „ . __ „" _ f O m ~ ° * p> _ f<^io - C" or 

C| + 7C" = - (160 )10~ 6 

Cj - Cj = (0 .08 )10~ 3 

from which fol lows 

c; = (5o)io~6 

Cj = -(30)10 

? & & 

and h = 389.01 - (U.396)10 (50)10 = 169.21, h = 13.00 m 
o o 

The inflow from the left-hand ditch equals 

6 ? 
x = 0 q = P x + C ^ = C * = (50)10" m /m.sec 

and the outflow into the right-hand ditch 

x = 1600 q = Px + Cj = (25)10"9(1600) - (30)10~6 = (10)10~6 m3/m',sec. 
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2.21 An unconfined aquifer of infinite extend is situated above a 

horizontal impervious base. The coefficient of transmissibility 
—3 2 

kH of this aquifer amounts to (9)10 m /sec, its specific yield 

u to 20$. 

In this aquifer a fully penetrating ditch is constructed. At 

t = 0 the water level in this ditch is lowered suddenly by 3-5 m-

How much groundwater flows into this ditch during a 2 month period? 

What is at the end of this period the rate of flow and the draw

down in a point 500 m from the ditch? , 

The outflow of groundwater into 

the ditch equals 

2s 
2% = 77* /ykH 7T 

Over a period T it sums up to 
T 
" 2s _ . lis 

W^SSSSSSSSSSSSS^ 
- * - DC 

Z2% = J 7T ^ 7? dt " 7T ^ ^ 

With T = 2 month = 61 days = (5-26)10 sec 

E2q = ( U ) U ^ } V(0.20)(9)10"3 V(5-26)106 = 770 m3/m' vv 

At a po in t x = 500 m from t h e d i t c h , drawdown and flow are given by 

s = s E.., q = q E? wi th E and E_ funct ion of the parameter u 

U = 2 V M T t ' A t * = 2 months = (5-26)10 sec 

qo = ^ /ykH ^ = ^ V ( 0 - 2 0 ) ( 9 ) 1 0 " 3 ' 

q = (36.5)10 m 3 /m7sec 
o 

/ (5 .26 ) 10 
or 

- l i p L ?°° 0.,1h 
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E^O.51^) = O.U67 E (0.51U) = 0.768 

s = (3 .5K0.U67) = 1.63 m, q = (36.5)10~ 6 (O.768) ° r 

q = (28.0)10 m3/m*/sec 
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2.22 An unconfined aquifer of infinite extend is situated above a 

horizontal impervious "base. The coefficient of transmissibility kH 

of t 

25$. 

-3 2 
of this aquifer amounts to (18)10 m /sec, its specific yield u to 

Starting at t = o groundwater is abstracted from this aquifer by 

means of a fully penetrating ditch (of negligeable width) in an 
-6 ? 

amount of (30)10 m /m'/sec. At t = 10 days this abstraction is 
-6 ^ 

suddenly increased to (50)10 m /m'/sec. 

What is the lowering of the water level in the ditch at t = 30 

days and what is at this moment the drawdown at a distance of 100 m 

from the ditch? 

With the notations as 

indicated in the figure at 

the right, a sudden increase 

in the capacity of the gal

lery results in drawdowns 

given by ^ w w w w w ^ ^ —. x 

x = 0 

X = X 

s = 2 < l 0 1 /£ o VTT TykH 

s = s E_ wi th E_ 
o 3 3 

(30) - 10" mn3/yr>'/i 

function of the parameter 

- - s i G F * 2VkH 7t 

The pattern of abstraction 

may be schematized as indi

cated in the diagram above, 

( * > ; • • 

(10) • 

see. 

<^oX-= (1») IO" *r?/m'/sat 

-At 
X 

,(15) 10- 6 m3 V"A s<zc 

• t 
10 20 3 0 do-yi 

(o.&6) (1-73) (2.5g)lo6-sec 

giving for t > At as lowering of the water level in the ditch 

s = o 

2*01 1 2q, ^ + _202 1 ^-—^ 
'IT vukH VTT /ukH 

With the data under consideration and 

t = 30 days = (2.59)10 sec, At = 10 days = (0.86)10 sec 
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t h i s lowering 'becomes 

= (30)10"6 ^ = = = = = = = = = ^ 
so 77~ / (0 .25) (18)10 - 3 

1 .-6 
s V(2.59)106' + iSS&L- x 77" 

i 

/(0.25)08)10~3 
V(LT3)106 

s = 0.U1 + 0.22 = 0.63 m 
o 

At the same moment but at a distance x = 100 m from the ditch, the 

parameters u become 

u 1 

U2 

_ 2_ 
2 

1 
2 VT 

0.25 

18)10" 3 

0.25 

18)10" 3 

/ ( 2 

47 

100 

• 59)106 ' 

100 

.73)1CT 

= 0.116 

= 0 .1U2, giving as drawdown 

S100 = (0-Ul) E3 (°-116) + (0.22) E 3 (0.1U2) 

S100 = (O-^1)^-808) + (0.22)(0.T68) = 0.33 + 0.17 = 0.50 m 
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2.23 A semi-infinite unconfined aquifer is situated above an impervious 

base and bounded by a fully penetrating ditch with a constant and 

uniform waterlevel. The coefficient of permeability k of the aquifer 

amounts to (0.25)10 m/sec, the saturated thickness H to 8 m and 

the specific yield y to 15$. 

At a distance of 50 m parallel 

to the ditch a gallery is construc

ted, the dimensions and position of 

which are shown in the picture at 

the right. Starting at t = 0 water 

undl.sturb«u water b»W« 

9 m 

is abstracted from this gallery in 

an amount of (35)10~ m /m'/day. 
T . 

aim 

-1.4 m-

What is the lowering of the 

water level in the gallery after 10 

days and how much time must elapse 

before 90$ of the steady state drawdown is obtained? 

drain u>ith 
• artificial ' 
grcjLuld' pack 

At the boundary between the aquifer and the ditch with constant 

water level, the drawdown due to pumping the gallery remains zero. 

Mathematically this can be obtained 

by projecting an imaginary recharge 

gallery of the same capacity an 

e.%t*a4:.:dMSs<feamTee at the pother side of 

the shore line. 

The drawdown due to pumping a" 

fully penetrating gallery in an 

aquifer of infinite extent for a 

period of t days equals ^^^m^^^^: 

o ~ TTT 

-*.x 

/uk¥ / t , s x = SQE wi th E a func t ion of 

»-iv&5? 

In case under consideration, the drawdown at the face of the gallery 

at time t thus becomes 
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% 1 s = ~r T T 7 / t {1 - E„(u„ )} o . /ir /ukH 3 2a 

With the da ta under cons ide ra t ion 

2 a 2 V ( O . 2 5 ) l 0 - 3 ( 8 ) ^ 7 r ^ ^ 

, ) - 6 _ _ _ _ _ 
3 = 7 - 1 / ., *Z I I - £ 
° / i r / ( 0 . 1 5 ) ( 0 . 2 5 ) 1 0 " 3 ( 8 ) 3 Vt 

s _ = i 3 ^ _ . . / t {1 - E , ( % > 

s = (1 .1U)10" 3 / t (1 - E, ( T ^ 3 - ) } o 3 vt 

At t = 10 days=(0.86U)lO sec 

sQ = (1 .1U}/0T861T {1 - E g ^ o ^ j / ) } = 1.06{1 - E3(0.U66)} 

s = 1.06 (1 - 0.38*0 = 0.65 m o 

The calculations above in the meanwhile supposed a fully penetrating 

gallery. Due to partial penetration, an additional drawdown will 

result 

qo H 
As = —r In — with 0, as wetted circumference 
o irk ft 

ft = 1.2 + 2(0.8) = 2.8 m 

As = (33)1° ~ In A = 0.0UU In 2.86 = 0.05 m 
° Tr(0.25)l0"3 2-8 

giving as total drawdown after 10 days 

s + As = 0.65 + 0.05 = 0.70 m 
0 0 

The steady s t a t e drawdown equals 

6 
Soo = -fa + As = ( 3 ^ ) 1 ° " , (50) + 0.05 = 
" k H ° (0 .25 )10 _ 3 (8 ) 

= 0.88 + 0.05 = 0.93 m 
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90$ of this value or 0.8U m is reached at time t determined by 

= 0.8U - 0.05 = (1 .1U)10-3 /t (1 - E, (T|A)> 

^|r {1 - E (7^)} =1.60 , from which follows 

• ^ = 5.8 or t = (6.3)10° sec = 73 days 

•ai 
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undisturbed uiakzr 

.2^ An unconfined aquifer of infinite extent is situated above a 

horizontal impervious base, The coefficient of permeability Is. of 

this aquifer amounts to (0.U8)10~^ m/sec, the saturated thickness H 

to 25 m and the specific yield u 

to 30$. 

In this aquifer a ditch is 

constructed, the shape and di

mensions of vhich are shown in 

the picture at the right. During 

a period of 1 month water is ab- .'. "•.'": . '. v^. 2m' '- \j '.'.•'.''.'•• 

stracted from this ditch in an [ ."*•' • :' •'. • .;• .'.• 
—3 3 . . • ' • • ' " ' 

amount of (0.20)10 m /m'/sec. 

What i s the water l e v e l in the di tch at the end of the pumping 

period and 6 months a f te r abstract ion has stopped? What i s the maxi

mum lowering of the groundwater table in a point 500 m from the ditch? 

When provisionnally the 

p a r t i a l l y penetrat ing di tch i s 

replaced by a ful ly penetrat ing 

gal lery - as shown in the p i c 

tu re a t the ri»ght, an abs t rac t ion 

2q s t a r t i n g a$ t - 0 w i l l lower 

the wafeewlte'̂ el in the ga l le ry %. 

- * * * 1. JT 
8o " T i T T S '* 

In mathematical respect, cessation 

of pumping can only be obtained by 

superimposing a recharge of the 

same magnitude 

2q - 2q o 1 s? o t > At 8 a -7-f- , •, / t - 7 T -

%®&®5$mzm$?zxzzz?7&& 
-*• x 

ibs-tracii ractton 

IT 
Ill 

« At — 

recnarga 

*b 

24a 

7I-* / t - At 'ykH 

With the data under consideration 

^ 3 _ (0.20)10* 
o JW /(0.30)(0.iv8)lO"*:i (25) 

( / t - / t - At) 
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s = (1.88)10"3 (/t - /t - At") 
o 

At the end of the pumping period 

t = 1 month = (2.63)10 sec, t - At = 0 and 

s = (1.88)10"*3 /(2.63)106 = 3.05 m 
o 

Six months af ter abstract ion has stopped 

t a 7 months • (18.U)10 sec, 

t - At = 6 months = (15-8)10 sec 

s o = (1.88)10"3 { / ( 18 .1010 6 ' - Z(15.8)106} 

• (1.88)(U.29 - 3.97) = 0.60 m 

In reality, however, the ditch only partially penetrates the aquifer, 

from which circumstance an additional drawdown will result. 

2q H - s 
As = —r— In —u- • • with fl as wetted circumference, o irk ft 

With the t o t a l lowering s + As estimated at 3.2 m, the remaining 
o 0 

water t ab le depth in the di tch equals 1.8 m, giving 

Q = 2 /? (1.8) + 2 = 10.1 m 

, (0.20)10-3 ^ U 0 - J U , l n 6 , 0 < 1 T m Q r 

0 w(o.J»8)io"3 1 0 , 1 

s + As =» 3.05 + 0.17 = 3.2 m o o 

When abstract ion s tops , the addi t ional drawdown disappears and for 

the remaining drawdown af ter 6 months, no correct ion i s necessary. 

The abstract ion of (0.2)10 m /m'/sec during 1 month = (2.63)10 sec 

ads up to 526 m /m' . 
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Part of this water in the meanwhile 

comes from the ditch itself. With 

the shaded area in the picture at 
2 3 

the right equal to 50 m. = 50 m /m' , 
o 

only 526 - 50 = Vr6 m /m' comes 

from the aquifer proper. This re

duces the drawdown after 1 month to 

about 

o "52o" 
s = — ? • 3.2 = 2.9 m 

In the same way the drawdown 6 months after abstraction has stopped 

must be reduced from 0.6 m to 

s' = •p̂ -r 0.60 = 0.59 m, the difference being negligeable. 
"52o" 

In a po in t at a d i s t a n c e x from t h e d i t c h , a t a time t > At, t he 

drawdown equals 

s " ̂ 7 O T { ^ W " /ri~I£ E3(ut - At)} v i t h 

- 1 4 i E x _ i .. /n ' x 
U t ~ 2 VkH Tt" U t - At ~ 2 VkH / t - At 

u 
&A0 t e " ^ - /iF U + 2u / e"U 

o 
du 

This drawdown reaches its maximum value for 

d.s _ dŝ  du _ 
dt = du dt 

from which follows as t ime - d i s t ance r e l a t i o n s h i p for maximum draw

down 

( t ) ( t - At) t _ 3 1 P _ 2 
At t - At 2 kH 

With At = 1 month = (2 .63)10 s e c , x = 500 m and 

1 Ji, 2 - 1 
2 kH X " 2 

0.3 

(O.U8)10~3 (25) 
(500) 2 = (3 .13 )10 6 
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t h e time of maximum drawdown t can be c a l c u l a t e d at (U,79)10 sec 

or 1.82 months. At t h i s moment 

\ " 1 \l ° ' 3 3 / ' ° ° fe = °'5T2 . E, - 0.297 
t ^ V (0.W)10~3 (25) / ( i * .79) l0 b 3 

^ _ A+ = i \l ° < 3 , - . , 5 ° ° .> = 0.8U8 , E0 = 0.1U1 
* " A t 2 V (0.U8)10~3 (25) /(2.16)106 ' ' 3 

•3 _ o -3 

With an e f f e c t i v e a b s t r a c t i o n of kf6 m/m ' /month = (0,181)10 m / m ' / s e c 

t h e maximum drawdown at a d i s t ance of 500 m from t h e g a l l e r y becomes 

(0 . l8 l ) l0 " * 3 1 
3 = _ 1 - • 1 . i • • , 1 , x 

/ (0 .3) (0 .U8)10 - 3 (25) 

{ / (^ .79)10 6 (0.297) - / (2.16)106 (O . l l i l ) } 

s = (1.70)10~3 {(0.65)10 3 - (0.21)103} = 0.75 m 
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25 A semi-infinite unconfined aquifer is situated above an impervious 

base and bounded by a lake. The coefficient of permeability k of the 

aquifer amounts to (0.6)10 m/sec, its specific yield u to 23$. To 

store water during autumn and winter, the lake level rises linearly 

from 16 to 20 m above the impervious base. This water is used during 

spring and summer, causing the lake level to drop linearly by the 

same amount. 

What is the additional amount of groundwater storage obtained 

by the flow of lake water into and out from the aquifer? 

When for t < 0 the lake level is constant, while for t » 0 this 

level shows a linear rise 

s = at 

then the rate at which lake water enters the aquifer equals 

2a q = -7-1 /ukH /fc 

With t expressed in months (1 month 

factors as mentioned above 

(2.63)10 sec) and the other 

2 8 0 - 16 6 /(0.23)(0.6)10-3 20±l£'/(2.63)l0
6t 

(6)(2.63)10 

q = (0.231)10" /t m3/m'/sec 

For the lakelevel variation 

as sketched at the right, 

the inflows thus become 

0 < t < 3 months q 

3 < t < 9 q 

9 < t < 12 q 

12 < t q 

• 2 0 

0.231 /t 

0.231 /t - 0.U62/t - 3 

0.231 /t - O.U62/t - 3 + 0.U62 /t - 9 

0.231 /t - O.U62/t - 3 + 0.U62 /t - 9 - 0.231A-12 
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This gives 

t 

0 

1 

2 

3 
k 

5 
6 

T 

8 

9 
10 

11 

12 

10 q 

0.000 

+ 0.231 

+ 0.327 

+ 0.U01 

0.000 

- 0.137 

- 0.231* 

- 0.313 

- 0.380 

- 0.439 

- 0.030 

+ 0.113 

+ 0.214 

t 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

10 q 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.214 

0.065 

0.039 

0.026 

0.019 

0.014 

0.011 

0.009 

0.007 

0.006 

0.005 

0.00U 

o.oou 

t 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

3k 

35 

36 

10 q 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.00U 

0.003 

0.003 

0.002 

0.002 

0.002 

0.002 

0.002 

0.001 

0.001 

0.001 

0.001 

0.001 

t 

36 

37 

38 

39 
ko 

m 
42 

43 
kk 

k5 
k6 

kl 
kQ 

10 q 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

t 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 

11 

12 

101* q 

+ 0.219 

+ 0.300 

+ 0.370 

+ 0.U30 

+ 0.022 

- 0.120 

- 0.220 

- 0.301 

- 0.371 

- 0.432 

- 0.02U 

+ 0.118 

+ 0.219 

In reality, however, the cycle is not restricted to one year, but it repeats 

itself indefinitely. Mathematically this can be taken into account by apply

ing the method of superposition. 

*t = *t + V12 + V24 + *t+36
 + 

The results are shown in the table above, at the far right. Due to 

unavoidable errors in calculation, the absolute value of the flows a and 

a £ are not exactly the same - as they ought to be - but the differences 

are negligeable small. Graphically the exchange between lake and aquifer 

is shown at page 2.25-c, from which follows 
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O.J L x -\0 m ' / m / 6 « 
tnf lou) 

0.4 

<>•? 

0.2 • 

0.1 

0.1 

cu 

o? 

a4 

o.f 

11 12 
m o n t h s 

>utfl o u t f l o w 

as total in- or outflow during a 6 months period 

Zq = 380 m3/m" 

This amount is equivalent to the lake storage over an additional 

width of 95 m ! ' 
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2.26 An unconfined aquifer of infinite extent is situated above an im-
2 

pervious base. Its coefficient of transmissibility equals 0.08 m /sec, 

while its specific yield u amounts to hQ%. In this aquifer 3 parallel 

galleries are constructed, at equal intervals of 600 m. The centre 

gallery is used for artificial recharge of the aquifer in an amount 

of (5)10" m /m,sec, while the same amount of water is recovered by 

the outer galleries . 

What is the rise of the water table under the center ditch during 

steady-state operation and how far will this water level drop when 

recharge is interrupted for 6 weeks.while abstraction continues at 

the same rate? 

For steady-state condi

tions, the equations of flow 

are 

Darcy 

continuity 

combined 

integrated 

boundary con

dition 

combined 

and 

<1 

1 

ds 

s 

X 

0 

s 

s 
0 

s 

= 

= 

= 

= 

= 

3 

= 

dx 

*0 

- kfl ** 

1 

"k5 x + ci 

L, s = 0 

-H L + C, 

s ( L - x ) -

2q0=fe)io'3 m /m .s .q,, 

„ L»40©m. 

With the data under consideration 

3o = (2-0?08~ 6 0 ° " 18-T5 » 
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Mathematically spoken, interruption of recharge can easiest he accom

plished by superimposing an abstraction of magnitude 2q from the 

recharge ditch. This lowers the water level at the recharge ditch by 

3' =-j^-r-srVt" 
o \JT \yyKtiV ° 

This gives after 6 weeks = (3.63)10 sec 

s'o - < 5vS" 3 V(6.Mt 0.oB)V
( 3- 6 3 > 1° 6 ' 3 ° - 0 5 m 

that is to 30.05 - 18.75 = 11.3 m below the original groundwater 

table. 

file:///yyKtiV
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11 From an unconfined aquifer, composed of sand with a coefficient 

of permeability k equal to (0.25)10 m/sec, a drain with a length 
3 

of.1600 m abstracts groundwater in an amount Q of 0.2 m /sec. Due 

to this abstraction a lowering s of the groundwater table by 3 m 

must be expected. 

Sketch the drain construction to be applied and indicate the most 

important dimensions. 

around .surface 

n •.-•,[i- r ° 
' . . ' • , ' . ' I I • r groundwater Table 
I'.' . • : : • | | • ' •. b«fon. abstraction 

5».3fn ground uakzf &u>Je 
during ahsiractii 

a=2m-
;r.iii'r'div 

V-

The coefficient of permeability 

k equal to (0.25)10 m/sec is fairly 

low, pointing to a rather fine sand. 

With regard to the danger of clogging, 

porous drains are not advisable. Slot

ted drains must be prefered, while to 

obtain slots as wide as possible, a 

double gravel treatment will be applied 

The general construction is shown in 

the sketch at the right, with the top 

of the gravel pack a distance of at 

least 2 m below the lowest" waterlevel 

during operation. ~C'_'-'- . ..'•'•.'.". ". 

The outside dimensions of the gravel 

pack primarily depeHt#s fjn, j$j$£. ra'aximum allowable entrance velocity v 

For vertical wells Sichaandt gives 

ou.fc«r aran<zl layer. 

te*ripor«.ryt support 

. . \ n n e r graue! layar--

slo.lted pipe • • 

IIs- be'mporcuy 
' | .' sheab pllina 

- ^ 
Va " 30 

Once clogged, drains cannot be cleaned, asking for an additional factor 

of safety, lowering the maximum allowable entrance velocity to 

v = 7>r In the case under consideration a 60 

/(0.25)10"3' ,n ~£N.,n-3 / 
v _ _i— ^ u . _ (o.26)10 m/sec 
a 50 

The abstraction per unit length of drain equals in average 

%mr TZfifi - (0.125)10 m /m ' / s ec asking for a 

file:///nner
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minimum circumference £2 of the gravel pack equal to 

= ^o^ (0.125)10 
Va (0.26)10 

-3 

-3 
= 0.5 m' 

This means a square with sides of —r— = 0.125 m. With an artificial 

gravel pack such a size is always present and the maximum allowable 

entrance velocity is not a deciding factor. 

With regard to the velocity of lateral flow, the inside diameter 

of the slotted drain must satisfy two contradictory requirements. On 

one hand this velocity must he large so as to be self-cleaning, while 

on the other hand the velocity must be small to keep the friction 

losses down, which otherwise would result in a rather uneven abstract

ion of groundwater over the length of the gallery. After careful con

sideration it is decided to keep the velocity between the limits of 

0.3 and 0.6 m/sec, increasing the diameter of the drain stepwise as 

indicated below 

Q v 

0.2 m/sec 

0.116 

0.116 

0.059 

0.059 

0.029 

0.029 

0.000 

0.7 m 

0.7 

0.5 

0.5 

0.35 

0.35 

0.25 

0.25 

0.52 

0.30 

0.59 

0.30 

0.61 

0.30 

0.59 

0.00 

1600 m 

930 

930 

U70 

U70 

230 

230 

0 

670 m 

U60 

2U0 

230 

that is to say h sections with 

length 230 

diameter 0.25 

size gravel pack 0.75 

2U0 

0.35 

0.85 

U60 

0.5 

1.0 

670 m 

0.7 m i 

1.2 m 0 

With regard to the grain size distribution of the gravel pack, it 

is first considered that according to Allan Hazen the coefficient 
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of permeability and the affective diameter of the aquifer material are 

interrelated "by 

k = (11)10 3 d^ or 

d 1 0 = V ^ = ^ .y/i^Ml =(0.15)10-3 B 
10 v (n)io3 v (n)io3 

The coefficient of uniformity remains unknown, hut it may safely be 

assumed, that the 85% diameter exceeds 0.3 mm. With the lower limit 

of the outer gravel layer a factor k larger than this 85$ diameter 

and the upper limit a factor /I" coarser than the lower limit, this 

gives 
outer gravel layer 1.2 - 1.7 mm 

The inner gravel layer is again a factor k coarser or 

inner gravel layer 5 - 7 mm, allowing as 

slot width 2 mm 

When the entrance velocity inside the slots is limited to (10)10 
m/sec, the length of slot per m' of drain equals 

^ m - 3 v
 qo (0.125)10~3 . ^ o c (2)10 b = = r— or b = 6.25 m 

( 10) 10_JS (10)10 

With the smallest drain diameter of 0.25 m and perpendicular slots over 

the lower half only, this means a number of slots per m' drain equal to 

n = Co-mtioM) 
= 16 
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U.01 A s e m i - i n f i n i t e conf ined a q u i f e r wi thout r echa rge from above 

o r from below i s bounded by a f u l l y t>enet ra t ina d i t c h and has a 
-3 2 

coefficient of transmissibility kH equal to (3)10 m /sec. At a distance 
of 200 m from the stream a fully penetrating well with an outside 

-3 3 diameter of 0.5 m is pumped at a constant rate of (7)10 m /sec. 

What is the drawdown at the well face and what is the drawdown 

in a point A halfway between the well and the shoreline? 

With the method of images, the 

drawdown in a point at a distance r 

from the well and a distance r' from 

the imaginary recharge well is given 

hy \*xMxxxxxxAv^v^<vwvvs<vyk 

Qo f. R , R , Qo . r ' s = o , TT t i n — - In —r> = . . „ In — 2TfkH r r 1 2trkH r 

With r ' = 2L, t h e drawdown a t t h e w e l l face becomes 

- 3 
s = ( T ) 1 ° - In ^ - = 0.371 In 1600 = 2.1k m 

° 21 T(3)10-3 ° ' 2 5 

and i n p@,>i*it A, -at a d i s t a n c e r from t h e we l l 

SA " 2TricH 
Q •, 2L - r In 

SA
 = ° ' 3 7 1 l n T§o = ° 'U 1 m 
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02 A l eaky a r t e s i a n a q u i f e r i s s i t u a t e d between an impervious base 

and an o v e r l y i n g l e s s - p e r v i o u s l a y e r . Above t h e l a t t e r l a y e r an un-

confined a q u i f e r wi th a cons t an t and uniform water l e v e l i s p r e s e n t . 

The c o e f f i c i e n t of t r a n s m i s s i b i l i t y kH of t h e a r t e s i a n aqu i f e r amounts 
—3 2 

t o (2.5)10 m / s e c , t h e r e s i s t a n c e c of the l e s s - p e r v i o u s l a y e r aga ins t 

v e r t i c a l water movement t o (U0)10 s e c . 

From t h e a r t e s i a n a q u i f e r a f u l l y p e n e t r a t i n g w e l l wi th an o u t -
—3 3 

s ide d iameter of 0 , 1 m a b s t r a c t s water a t a r a t e of (6)10 m / s e c . 

What i s t h e lower ing of t h e a r t e s i a n water t a b l e a t a d i s t a n c e 

of 1000, 100, 10 and 1 m from t h e w e l l c e n t r e and at t h e w e l l face? 

Hbw much wate r i n f i l t r a t e s from above w i t h i n a r a d i u s of 200 m 

around t h e wel l? 

For a w e l l i n a l eaky a r t e s i a n 

aqu i f e r of i n f i n i t e e x t e n t , t h e 

drawdown equa l s 

• • 2 ^ K o ( f ) v i t h 

In caS(e.^'$:S; fSjigall, . the drawdown 

mgy he- ijfi^m£m&t!e:d b v 

s = • In 
1.12.3A 

V//////////7777. 

a 

^m^^^^^^^^K^^F 

With t h e d a t a as given 

= / ( 2 . 5 )10~ 3 (U0 )10 = 316 m 

s = 
(6)10" 

2 T T ( 2 . 5 ) 1 0 
-3 o^JTt' 

(6)10 - 3 

2 T T ( 2 . 5 ) 1 0 
-3 In 

(1 .123) (316) 

s = 
r x .. ^ „ 0 „ ,.. 355 0.382 K Q ( J ^ ) » 0.382 In 

This g ives as drawdowns 
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r = 1000 100 10 1 0.2 m 

K (-5T?) = °-0 29 1-32 3.58 

In ^£5. = - 1.27 3-57 5.87 1 .hQ 
r 

s = 0.01 0.50 1.37 2.21+ 2.86 m 

At a d i s t ance r from the v e i l c e n t r e , t h e r a t e of flow equals 

Q = Q f K. ( f ) At r = 200 m 
O A 1 A 

Q = QQ | 2 | ^ (|20) = Qo(0.633) K1 (0.633) = QQ(0.633)(1.21)=0.766 Qc 

The difference between this rate and the amount Q abstracted by the well, 

infiltrates from above 

I = Q - 0.766 Q = (0.23U)Q = (0.23U)(6)10"3 = (1.U)10~3 m3/sec. 
o o o 
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U.03 A leaky artesian aquifer is situated above an impervious base, 
p 

has a coefficient of transmissibility kH equal to 0.012 m /sec and is 
, x 6 

overlain by a semi-pervious layer with a resistance of (30)10 sec 

against vertical water movement. 

The aquifer is crossed by two fully penetrating ditches, inter

secting each other perpendicularly. In the aquifer a fully penetrating 

well is set, with an outside diameter of Q.k m at equal distances of 

500 m from both ditches. The well is pumped at a capacity of 0.035-
3 

m /sec. 

What is the influence of those ditches on the drawdown at the 

well face? 

For a well in a leaky 

artesian aquifer of in

finite extent the draw

down equals 

s = 2^H Ko (f > *th 

• ' . ^ ' 

' • ' • ' • 

. ' • ' - . _ • ' • 

+ 9 o • • • « ' . ' • • 

-

- f t • • ' • • '" • : 
—.L-*p. .. 

' . • , 1 ' . 

. . • : • • > 

'• '• '• 

L ' . 

r 

. - * 

X =\ AkHc =\ /(0.012)(3P)10 = 600 m 

At the well face t h i s njay be approximated by 

9 = J^L> In zd&££ , in the case under consideration 
O <2TOfiH-' -*gr 

o 

so - wmcmln — o . 2 ' •• - °-k6k ln 3369"3,TT m 

Using the method of images, the drawdown at the well face in a semi-in

f i n i t e quadrant becomes 

Q-
9o = 2TrkH 

2LV7v I m ^ - a V 2| ) • K O ( ^ 1 , 1 

= 0.U6U J In 
(1 .123) (600) 

•0.2 
- 2K(m) • r ( 

00' 
ioooy/T> 
600 ~~ 5 i 

s = 0 .U6U l n 3369 - 2K (1.667) + K (2 .357) \ 
O } Q O ) 
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s o = 0.U6U i 8.122 - (2)(0.1726) + 0.0T39 

s = (0.U6U)(7.851) = 3.6U m o 

that i s to say a difference of 0.13 m or 3,5%-
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h.ok A semi-infinite leaky artesian aquifer has a thickness of 50 m 

and a coefficient of permeability k equal to (0.U0)10 m/sec. The 

aquifer is situated above an impervious base and overlain by a send
er 

pervious layer with a resistance C of (200)10 sec against vertical 

water movement. The water level in the unconfined aquifer above the 

semi-pervious layer is uniform and constant, equal to the water level 

in the bounding ditch. 

At a distance of 500 m from the ditch a partially penetrating 

well is constructed. Its outside diameter equals 0.6 m, while the 

screen extends from the top of the aquifer 30. m downward. The well is 
—3 3 pumped at a constant rate of (30)10 m /sec. 

What is the drawdown of the artesian water table at the well 

face and at what distance from the ditch does this drawdown decline 

to 0.1 m? Q. 

>/////;//;;/, 

Using the method of images 

gives as drawdown at the face of 

the fully penetrating well 

\ . 

a. 

I phreatic to.t 

>'-* ' artesian' cj.t. 

•///////////////XT,. 

•1 

I — I *•• 

ar. 

,2-Lv 

X = /kite = /(0.U0)10~ 3 (50)(200)10 = 2000 m 

With 
i ~ 2000 

r 

small 

K (•?*"•) = In — — — — Substitution gives with the data supplied 

s = 
o 

(30)10 ' 

2 T T ( 0 . U 0 ) 1 0 ~ 3 (50) 

fin (1.123)(2Q00) v / 1 0 0 0 u 
l l n _ _ - V 2 0 0 0 " j i 

S Q = ( 0 . 2 3 9 ) ( l n TU90 - K Q ( 0 . 5 ) } = 0.239 (8.91 - 0.92) or 

s = 1,91 a o 
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In reality the well only partially penetrates the aquifer, resulting 

in an additional drawdown equal to 

Qo 1 - p . (1 - p)h ... h 30 n , LSo = 2 ^ ~ T ~ ^ r/ vithp-s-w-0.6 

AS Q = (0.239)^ In
 (0'-o^3°-) = (0.239)(0.667)(3.69) = 0.59 m 

The total drawdown at the well face thus becomes 

s + As • 1.91 + 0.59 = 2.5 a o o 

The larges t drawdowns occur in a l ine through the wel l , perpendicular 

to the bounding d i tch . At a distance x from the shoreline t h i s draw

down equals 

Q 

3 = 2 S { K o ( ~ T - ) - K o ( - T - ) } 

A drawdown of 0.1 m occurs at 

0.M8 - K o ( ^ 2 0 , - y ^ , 

With trial and error 

x » 1000 m K (0.25) - K (0.75) = 1.5U2 - 0.611 = 0.931 
o o 

1500 m K (0.50) - K (1.00) = 0.92U - 0.U21 = 0.503 
o o 

1800 m K (0.65) - K (1.15) = 0.716 - 0.3U1 » 0.375 
o o By in terpola t ion 

= 1500 + Q'JO3 J Q^^OOO) = 1500 + 200 = 1700 m 
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^.05 From below to above a geo-hydrological profile shows 

an impervious base; 

a waterbearing formation with a coefficient of transmissibility 
-3 2 

k_H equal to (30)10 m /sec; 
6 

a semi-pervious layer with a resistance c of (50)10 sec against 

vertical water movement; 

a waterbearing formation with a coefficient of transmissibility 
—3 2 k.H. equal to (6)10 m /sec; 

6 
a semi-pervious layer with a resistance c. of (U00)10 sec against 

vertical water movement; 

an unconfined aquifer with a constant and uniform water level. 

From the upper artesian aquifer, groundwater is abstracted in an amount 
—3 3 Q = (28)10 m /sec by means of a fully penetrating well with a 

diameter of 0.U m 

Calculate the drawdown in the upper and lower artesian aquifers 

as function of the distance to the pumped well. 

In the case of a two-layered leaky artesian aquifer and groundwater-

abstraction from the upper storey, the drawdown formulae are 

si = 2d-r r r { ^i - °2>
 K

0
 ( / ^ r ) + (a

2 - V % ( / V ) } 

s2 - i ^ x ^ h ; {-Ko (/V>+ Ko ^ 2 V ) } v i t h 

1 1 - 1 
ai i—5 ar, - ~,—^ S, = :—n and 
1 k

1H1cl 2 k2H2c2 r 1 k-i^Cg 
1 / 5 ' 

1 = g- {o1 + a2 + B1 + /(a1 + «2 + 61 ) - U a ^ } 
X. 1 
X 

With the da ta under c o n s i d e r a t i o n 

1 , „ , _ x _ - 6 
a, = 1 ( 6 ) 1 0 ' 3 ( U 0 0 ) 1 0 6 

= (0.U17)10 

a 9 = ~- r £ = (0.667) 10"6 

(30 )10*^ (50)10° 
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6i = T^ ? - (3.333)10-6 
1 (6)10"J(50)10° 

°1 + a2 + 61 = ^ - U 1 T ) 1 0 " 6 

U a ^ = (1.111)10~12 

.1 = ̂  {(U.U17)10"6 + /(19.510)10-12 - (1.11D10"12'} 
*2 ^ 

X1 = ̂  {(U.1H7)10"6 + (U.289)10"6} = (U.353)10~6 

X2 = |- {(U.U1T)10
-6 - (U.289)10'6} = (0.06U)10"6 

/X7 = T4T ^C 1 
1 U80 2 3950 

The drawdown formulae thus become 

a = ( 2 8 ) 1 ° . ^ _ {(3.686)10-6 K (rf-)+(0.603)lO-6K (:r§—)} 
1 21r(6)l0"3 (U.289)10"6 ° U 8° ° 3 9 5 ° 

„ - (28)l0" : i (0.667)10 , v i r , __ „ , r », c . , . - . , 
3o 7 Z" f - M l O T + MTOTTT)* Simplified 
2 2TT(6)10-3 (U.289)10"6 ° U8° ° 3 9 5° 

51 • ° - 6 3 ^ 0 ( T J O
) + 0' 1 0 5 Ko (3950 ) 

5
2
 = 0- 1 l 6 {- Ko (U8% ) + Ko (3f50 ) } 

In the vicinity of the well, the approximation 

T* ( 1 1 9*^ ^ X 

K (r-) - In "*—:—^— may be a p p l i e d , g iv ing as drawdowns 

1 # 1 2 3 (X1 - a 2 ) In 7 ^ + ( a g - A g ) ln 7^ 
i l n + : , "1 2irk1H1 ' r \ - X 

Q ct„ /x"7 
- 0 2 , 1 

S 2 " 2irk1H1 X - X X n TX^ 

* * 
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or in the case under consideration 

s1 = 0.jk2 (In ± ^ 1 + 6.U7) = Q.-JU2 In 1^-\ r r 

s2 = 0.2U3 

The drawdowns at the well face thus become 

8Q1 = 0.7̂ 2 In J*| = 6.10 m 

sQ2 = 0.2U m 

For greater distances from the well, the drawdowns are shown in the 

graph below 

fooo 100OO m 

In the near vicinity of the well, the drawdown s1 may be 

approximated by'assuming a single-layered leaky artesian aquifer 

of transmissivity k.H , overlain by a semi-pervious layer of re

sistance c 

1 _ J_ ±_ 
C " C1 + C2 

or 

1 

(U00)10 (50)10 (1*00)10 
•7 , c = (UU. U) 10 sec 

\ = /k H c' = /(6)10~3(UU.U)10 = 520 m 
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! o _ l n i J 1 3 _ A = 0 > n 2 1 n 5 M 
"1 2irk1H1 "* r " " ^ "* r 

The difference with the true value 

s. = 0.7^2 In equals in this case 

s1 - s!j = 0.7^2 In ^QQ- = 0.18 m, negligeable in the immediate 580 
vicinity of well. 

At greater distances from the well on the other hand, the semi-

pervious layer of resistance c becomes unimportant, allowing approx

imation by one aquifer of transmissivity kH 

,-3 _2 
kH - k-|H.|+ k2H2 = ^6)10 m /sec, overlain by a semi-pervi

ous layer of resistance c.. This gives 

X = / (36)10 _ 3 (U00)10 = 3800 m and 

Q 
s-, = s = 7T7-Z K ( f ) = 0.12U K ( r f r r ) . 1 2 2irkH o X o 3800 
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11 A circular island has a diameter of 1800 m, is "built up of sand 

and is situated above a horizontal impervious base. The surface water 

surrounding the island has a constant level of 20.0 m above the base. 

Due to recharge by rainfall in an amount of (30) 10 m/sec, the 

groundwater levels inside the island are higher, reaching in the centre 

to 22.1 m above the base. 

In the centre of the island a fully penetrating well with an 

outside diameter of 0.3 m is constructed. What is the drawdown at 

the well face and at the water divide when this well is pumped at a 

1Q0 
- 3 3 

c o n s t a n t r a t e of ( 6 ) 1 0 m / s e c ? 

With t h e n o t a t i o n s of t h e f i g u r e 

a t t h e r i g h t , t h e combined f low 

p a t t e r n due t o r e c h a r g e by r a i n f a l l 

and w e l l a b s t r a c t i o n , may be d e s c r i b e d 

w i t h 

Darcy 

c o n t i n u i t y 

Q = -2Trrkh 
dh£ 

2 d r" 
$w$www^^ 

Q = Tvr P - Q„ L. 

Q-
combined h o d h 0 = - •—• r d r +• •=•*•=— -— 

2 2 2k 2irk r 

I n t e g r a t e d be tween t h e l i m i t s r = r , h = h and r = L, h = H 

«2 v.2 P , _ 2 2s ^ Q o . L 
H - h_ = - « - (L - r ) + -7 - I n — 

2 2k Trk r 

in which the coefficient of permeability k is unknown. 

Be 

depth h 

Before pumping, Q = 0 , the formula above gives as water table 

1 

u2 ,2 P fT2 2, H - h , - - — (L - r ) 

In the centre of the island, r = 0, h1 = h1 

B2 v. 2 P T2 , 1 PL 
H " h1o = -2k L ° r k = 2 ^ 3 

h1o " H 
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S u b s t i t u t i o n of t h e da ta gives 

ir - 1 (30)10" 9 (900) 2 _ , n 1 7 7 N i n - 3 , „ „ k = — —'• • • •„ u = (0 . 137J10 m/sec 
2 (22.1) - ( 2 0 r 

The water t a b l e depth before and a f t e r pumping thus becomes 

( 2 0 . o ) 2 - h 2 = - ( 3 Q ) 1 0 " 9 ' { (900 ) 2 - r 2 } 
(2) (0 .13T)10" J 

( 2 0 . o ) 2 - h 2 = - ( 3 0 ) 1 0 " 9 - { ( 9 0 0 ) 2 - r 2 } * " f r O " 3 , i n ^ £ 
(2) (0 .13T)10" J

 I T ( 0 . 1 3 7 ) 1 0 " J r 

Simpl i f ied 

1*00 - h* = - (88.UH1 - ( Q ^ ) > 

U00 - h 2 = - (88.U){1 - (-^Q)2} + 13.9 In 22° 

At the well face, r = 0.15 m this gives 

1+00 - h2 = - 88.U , h2 = U88.U , h = 22.1 

U00 - h2 = - 88.k + 121.0 , h2 = 367.k , h2 = 19.2 

s = h1 - h2 = 2.9 m 

The water divide limits the area over which the recharge by rainfall 

is abstracted by the well, in formula 

Q = TTP
2P 

o 

—3 2 —9 

(6)10 = irp (30)10 y , p = 252 m , g iv ing as water t a b l e depths 

1*00 - h 2 = - (88.UH1 - ( | ^ § ) 2 } h1 = 21.9 

1*00 - h 2 = - ( 8 8 . 1 0 0 - ( | ^ § ) 2 } + 13.9 In | 2 | h 2 = 21.5 
s = h, - h_ = O.k m 

P 1 2 
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12 An unconfined aquifer is situated above a horizontal impervious 

base and is composed of sand with a coefficient of permeability equal 

to (0.09)10 m/sec. In plan this aquifer is circular, while the 

boundary along its circumference is vertical and impervious. The cir-
6 ? 

cular basin thus formed has an area of (2)10 m and is recharged by 
-3 3 available rainfall in an amount of (30)10 m /sec. In the centre of 

the basin a fully penetrating well with an outside diameter of 0.6 m 

is constructed and pumped at a capacity equal to the full amount of 

recharge. 

What is the groundwater level at the outer circumference of the 

basin when at the face of the well this level rises to 30 m above 

the impervious base? ^ _nii . Q 0 x i r R a P 

With t h e n o t a t i o n s as 

i n d i c a t e d i n the f igu re a t t he 

r i g h t , t h e equat ions gover

ning t h e flow of groundwater 

i n t h e c i r c u l a r b a s i n become 

Darcy 
- , , dh Q = 2*rkh — 

2 2 
c o n t i n u i t y Q = TT (R - r )P 

2 2 P R - r combined hdh = *s- • • • - dr 2k r 

I n t e g r a t i o n between t h e l i m i t s r = R, h = H and r = r , h = h gives 
o ' o ° 

H2 - Q
2 = — {2R2 l n ^ - (R2 - r 2 ) } 0 2k r

0 ° 

According t o the d a t a supp l ied 

—3 
k = (0.09)10 m/sec , r = 0 , 3 m, h = 30 m 

TTR2 = (2)10 m2 or R = 798 m 

irR2P = (30)10~3 m 3 /sec or P = (15)10~9 m/sec . S u b s t i t u t e d 



U.12-b 

,-9 
H2 - 900 = W \ {(2)(T98)2 in M _ {l96f} 

(2)(0.09)10 -3 0.3 or 

H = 900 + 785 = 1685 , H = 1+1.0 m 
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U.13 , A c i r c u l a r i s l a n d has a d iameter of 800 m, i s b u i l t up of sand 
—3 with a c o e f f i c i e n t of p e r m e a b i l i t y It equa l t o (0 .35)10 m/sec and i s 

s i t u a t e d above a h o r i z o n t a l impervious b a s e . The su r f ace water s u r 

rounding t h e i s l a n d has a cons tan t l e v e l of 25 m above t h e b a s e , while 
—9 t h e recharge by r a i n f a l l amounts t o (50)10 m/sec . 

To r a i s e groundwater l e v e l s , water i s i n j e c t e d i n t h e cen t r e of 

t h e i s l a n d wi th t h e h e l p of a f u l l y p e n e t r a t i n g w e l l of 0 .8 m d iamete r . 
—3 3 The i n j e c t i o n r a t e i s kept cons tan t a t 28(10 ) m / s e c . 

What i s t h e r i s e of t h e groundwater t a b l e a t t h e w e l l face and 

a t a d i s t a n c e of 200 m from t h e wel l? Q 0 

l p ! I 
Using the notations of the 

figure at the right, the combined 

flow pattern due to recharge by 

rainfall and injection, can be 

described with 

Darcy Q =-2irrkh 
dhs 

2 dr" 

c o n t i n u i t y Q = Q + TIT P 

Q 
combined h 0 dh 0 = - -— -— r d r 

2 2 2irk r 2k 

1 I 1 

urine mi«c fcion 

H •' h». h1 .'. 

•WMWWMb^ 
-»> r 

Integrated between the limits r = r, h_ = h and r = L, hp = H 

ic 
irk, 

L . P_ ,„2 ..2, 
r 2k 

i 2 —2 "O , u , c i -c c\ 
h _ - H = -r- In — + TTT* (L - r ) 

Before injection, Q = 0 , this formula gives as water table depth h1 

,2 _2 P /T2 2v 
h1 - H = gk (L - r ) 

At the well face, r = O.k m, substitution of the data gives 

•3 
h 2 . 6 2 5 . Jjsno. 

i r (0 .35)10 
1x1 0 ^ + 

( 5 ° ) 1 0 ~ 9
 { ( u o o ) 2 

( 2 ) ( 0 . 3 5 ) 1 0 
-3 

( O . U ) 2 } 
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h 2 - 625 -. 176 + 11.U , h 2 = 812 . , h2 = 28.5 

h.̂  - 625 = 11-U » h? = 6 3 6 » hT = 2 5 . 2 

s = h - h. = 3.3 m o 2 1 

At a distance of 200 m from the centre 

h2 . 6 2 5 . (28)lO"3 ^ U00 + (50)10-9 { ( U Q O ) 2 _ ( 2 Q O ) 2 } 

2 Tr(0.35)l0~3 2 0° 2(0.35)10"^ 

h 2 - 625 = 17.7 + 8.6 , h 2 = 651.3 , h2 = 25.5 

h 2 - 625 = 8.6 , h 2 = 633.6 , h1 = 25.2 

3200 = h2 - h1 = °*3 m 

According t o t h e r e s u l t s ob ta ined , t h e water t a b l e v a r i a t i o n s a re only 

smal l and the c a l c u l a t i o n could a l s o have been made assuning a cons tan t 

coe f f i c i en t of t r a n s m i s s i b i l i t y kH 

% . L (28)10" 3 . U00 . _ . . . U00 
3 = 27kH ^ 7 = 35 ** T " = ° ' 5 1 0 l n "7" 

2 l T k H r 2TT(0.35)10 3 (25) 

r = 0 . U s = 0.510 l n ^ = 3.5 m 

r = 200 m,-s2 0 0 = 0.510 l n — • = 0'.35 m 
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U.lU A semi-infinite unconfined aquifer is situated above an impervious 

base and bounded at the left by a fully penetrating ditch, with a 

constant and uniform water level, rising to 15 i above the base. 
_3 

The aquifer has a coefficient of permeability k equal to (0.^0)10 

m/sec and discharges groundwater into the ditch in a constant amount 

of (75)10 nr/m'/sec. 

At a distance of 150 m from the ditch, a fully penetrating well 

with an outside diameter of 0.5 n is constructed, to be pumped at a 

rate of (12)10~3 m3/sec. 

What is the drawdown of the water table at the well face and in a 

point halfway between the well and the ditch? 

Before pumping the well, 

the water table elevation h, 

follows from 
1 

2 2 
K - h^ 

2 1 , 

^v&m&6^^ 
•r 
•L 

During well pumping, but with

out the groundwater discharge 

q , the water t ab le e levat ion 
o 

may be found by using the 

method of images 

9 0 r\ T*f 
H - h,, = —r In — with r ' as distance between the point 

3 irk r 

of observation and the centre of the imaginary recharge wel l . By 

superposition the water t ab l e depth during pumping and outflow follows 

at 

H h2- f i % r ' 
irk r 

This gives at the well face with x = 150 m, r = 0.25 m, r» = 300 m 

2 (2)(75)10~^ 
225 - hf - - V ' U 7 ; \ 1 50 

1 (0,U0)10"J 
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225 _h2 (2)(T3)10-6 15Q + (12)10-3 ^ ^ 

* (0.U0)10"J TT(0.U0)10~J °*25 

Simplified 

225 - h 2 = - 56.3 , h 2 = 281 , h1 = 16.8 

225 - h 2 = - 56.3 + 6T.7 , h 2 = 21U , h2 = 1U.6 

So * h1 " h2 = 2'2 m 

Halfway between the well and the ditch, the coordinates are 

x = 75 m , r = 75 m , r' = 225 m. Substituted 

2 2 5 - h 2 = - ( 2 ) ( ^ ) l ° : 6 7 5 
1 (o.i*o)io"3 

225 - hf = - (2)(75)10"6 J3 , (12)10-3 2|5 or 
d
 ( O . U O K T 3 ir(0.U0)1O"'3 T5 

225 - h2 = - 28.1 , h 2 = 253 , h1 = 15.9 

225 - h2 = - 28.1 + 10.5 , h2 = 2fc3 , h 2 = 15.6 

s T 5 = h1 - h 2 = 0.3 m 

With a constant coefficient of t r ansmis s ib i l i t y kH, the drawdowns 

would have been found at 

% , r ' 
s - • • • i n — 

2TT1CH r 

s = (^)10-3 ^ 300 = 0<318 ^ 120Q = 2 ^ 5 n 

0 2TT(0,U0)10"3 (15) 5 

sT = 0.318 In |f£ = 0.318 In 3 = 0.35 m 
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i+«, 1 5 An unconfined aquifer of infinite extent is situated above a 

semi-pervious layer below which artesian water with a constant and 

uniform water table is present. The coefficient of transmissibility 
-3 2 

kH of the unconfined aquifer amounts to (15)10 m /sec, its recharge 

by available rainfall P to (5)10 m/sec, while the semi-pervious 

layer has a resistance c of (25)10 sec against vertical water movement. 

In the unconfined aquifer a fully penetrating well with an out

side diameter of 0.8 m is constructed. From this well groundwater is 
-3 3 abstracted at a constant rate of (50)10 m /sec. 

What is the drawdown of the phreatic water table at the well face 

and at a distance of 250 m from the well? How much artesian water per

colates upward in an area with a radius of 250 m around the well? 

The drawdown due to 

pumping a well in an un

confined aquifer' above a 

semi-pervious base equals 

Q 
3 = 2^H Ko(X} 

phrzai-'ic ' 
wafcor taUa 

a r t m ' a n •__ 
vjo-tar fco-ble 

/////////////////////'///////// 

with X = /kHc 

When A i s sma l l , t h e d$;a$$swiE may be approximated by 

•o ••' 1 . 1 2 3 X 
3 = IS^T"-

In the case under consideration 

= /(15)10~3 (25)106 = 613 m 

giving as drawdown at the well face (r = O.k m) and at r = 250 m 

from the well 

8 - J M ! ° 1 m (1.123)613 , ( 0 t 5 3 ) ^ 1T20 =3>95 m 
0 2 T T ( 1 5 ) 1 0 ~ 3 U ' 4 
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S250 = ( 0 , 5 3 ) K o ( | ? f ) = ° ' 5 3 K
o ( 0 ^ 0 8 ) = (0.53)(1.097) = 0.58m 

According to the water balance for the area with a radius of 250 m 

around tl 

3 pa r t s : 

-3 3 around the wel l , the abstract ion Q = (50)10 m /sec is composed of 

r a in fa l l 

0 . =T7r2P = T : ( 2 5 0 ) 2 ( 5 ) 1 0 " 9 = (1.0)10"3 

l a t e r a l inflow 

Qr " Qo I K 1 ( I } " ( 5 0 ) 1 0 " 3 f i t K1 ( l § ) = (20.U)10-3
 Kl(0.U07) 

Q̂ , = (20.U)10~3 (2.133) = (U3.5)10~3 

upward percolation u 

together u + (UU.5)10~3 

from which follows u = (50)10 - (UU.5)10~3 or 

u = (5.5)10~3 m3/sec 
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U.16 An unconfined aquifer without recharge from above or from below has 
—3 2 a coefficient of transmissibility kH equal to (3)10 m /sec. In this 

aquifer a strip of land with a width of 500 m is. bounded at the left 

by a fully penetrating ditch and at the right by an impervious dyke 

At a distance of 200 m from the ditch a fully penetrating well 

with an outside diameter of 0.5 m is pumped at a constant rate of 

(T)10~3 m3/sec. 

What is the drawdown at the well face and what is roughly the 

drawdown in a point halfway between the well and the ditch? 

For the near vicinity of the 

well, the integration constant R 

in the general draw-down formula 

s = 

has as value 

R = 

Q 
*o . R. 
2trkH r 

M t_lL 
TT
 t g 2A 

In the case under consideration 
A 

_ (.y.(5.Q&3 irlaon) . 2000 jr _ , . 
_. .....£—.. tg - ^ _ -— tg 5 - U62 m, 

R = 

giving as drawdown at the well face 

,-3 . (T)ia" 

'° " 2ff(3)l0~
3 " °-25 

3_ = ' " " -, In *r|r = 0.372 In 18U8 = 2.80 m 

In a point halfway between the well and the ditch, application of the 

same formula would give 

s 1 Q 0 = 0.372 i n ^ | = o . 5 T m 

This formula, however, needs correction as it would give at the shoreline 

U62 
S200 = 0-37"2 ̂  200 = °*31 m' instead of zero-

Halfway between the ditch and the well the drawdown will roughly be 

sioo = 0'5T - T s 0 - U 
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21 An unconfined aquifer of infinite extent is situated above an 

impervious base. The coefficient of transmissibility kH below water 
—3 2 table equals (12)10 m /sec, the specific yield u 17$. 

In this aquifer a fully penetrating well with an outside diameter 

of 0.6 m is set. Starting at t = 0 groundwater is abstracted from 
-3 3 this well in an amount of (U0)10 m /sec. 

What is the drawdown in a point 100 m from the well after 1, 10, 

100 and 1000 days of pumping and what is the drawdown at the well face 

at the latter moment? 

The drawdown due to 

pumping a well in an un

confined aquifer of in

finite extent is deter

mined by 

s = UffkH W(u ) with 

2 u r 
u = C T t~ 

Substitution of the data gives for r = 100 m 

0,8.1.7 .2 
u = (IQOJ2 _ (35.M1Q3 

J«j4 t f(u
2) = 0.265 W(u2) 

Uir(12)10 -3 

10 100 1000 days 

w( 

t 

2 u 

u2) 

= 

= 

_ 

(8< 

0 

0 

s.u 

.1*1 

69 

(86U) 

0.0U1 

2.66 

(86U0) 

0.00U1 

U.92 

(86UOO) * 10"3 sec 

0.000U1 

7.22 

s = 0.18 0.70 1.31 1.92 m 
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2 . 
After 1000 days, the value of u is so small that the drawdown formula 

may be approximated by 

8 - TZM ^ — r - 2^H l n T" 
u 

This gives as difference in drawdown for r = 100 m and the well face, 

r = 0.3 m o 

As = 2 ^ l n 7 -(2X0.265)11!^- 3.08 m 
o 

The drawdown at the well face after 1000 days of pumping thus becomes 

s = s,-.. + As = 1.92 + 3.08 = 5.0 m 
o i uu 



U.22-a 

U.22 An unconfined aquifer of infinite extent has a coefficient of 
-3 2 

transmissibility kH equal to (5)10 m /sec, a specific yield u of 

15$ and is situated above an impervious base. With a fully penetrating 

well of 0.5 m diameter groundwater is abstracted from this aquifer 

for a period of 2 weeks: 
3 

during the first 10 days in an amount of 0.01 m /sec 
3 

during the last k days in an amount of 0.03 m /sec . 

What is the drawdown at the well face at the end of the pumping 

period? 

The drawdown due t o pumping a 

we l l in an unconfined aqui fer of 

i n f i n i t e ex ten t i s given by 

Q Q 2 ' 
3 = TOT W(u ) w i t h 

14 liays 

2 u 
u = T £ H 

At the w e l l face u i s sma l l , a l lowing 

t o use t h e approximation 

% . 0.562 
3o " TOT ^ T u 

0 

QQ 
s = 0 , „• In 1.5 o 2irkH 

or 

y r 14 days 

In t h e case under cons ide ra t ion Q i s not cons t an t . I t may be s p l i t , 

however, in two constant a b s t r a c t i o n s 

0 < t < Ik days Q = 0.01 m /sec 
1 3 

10 < t < lU days Q2 = 0.02 m /sec 

With the method of superposition the drawdown at t = 1U days thus 

becomes 
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o 2irkH V y r 2irkH V y r 
o o 

t 1 = ~\k days = (1.21)10 sec t = U days = (0.35)10 sec 

and t h e geo-hydro log ie s ! contents as given 

° 2 T T ( 5 ) 1 0 

0.01 . . q , /(5)l0"3 /(1.21)106 , 

7777^3 l n 1 '5 V-o7iT-~X25~ + 

0.02 1/(5)10"
3 /(0.35)106 

2TT(5)(10-J) 

S Q = 0.318 ln 1200 + 0.63T ln 650 - 2.26 + U.13 = 6.U m 
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U.23 An unconfined aquifer of infinite extent is situated above an im-
-3 pervious base. The coefficient of transmissibility kH equals (8)10 

2 
m /sec, the specific yield y 20$. In this aquifer a fully penetrating 
veil with an outside diameter of 0.U m is pumped for a period of 180 days 

—3 3 

at a constant rate of (25)10 m /sec. 

What is the maximum drawdown at the well face and in a point 800 m 

from the well? 

The unsteady drawdown due to pumping a well in an unconfined 

aquifer of infinite extent above an impervious base equals 

Q0 2 
s = T^kH w ( u } ^ t h 

2 u r2 

U = r a t " 

At the face of the well the drawdown will be maximum at the end of 

the pumping period or at 

t = At.= 180 days = (15.5)10 sec 

ttg, .o.-a , (°.-2>%(i.6i)io-
8 

CU)(8)10~3 (15.5)106 

W(u2) = 17.37 

8 = —(.2£>.1.Q, • • (17.37) = (0.2U9)(17.37) - ^-33 m 
° (U)TT(8)10~3 

At a distance of 200 m from the well, the maximum drawdown may occur 

at a later moment. When cessation of pumping is materialised by 

superimposing a recharge of the same magnitude 

s = 0.2U9(W(u2) - W(u2 _ )} with 

2 _ u _ £ 2 0.2 (800)2 (IQlQ6 

\ - h U l t - ( u ) ( 8 ) 1 0-3 t t . 

file:///-hUlt-
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_ _ _ J L 0.2 8002
 = (U)10

6 

Ut - At " UkH t - At (U)(8)10-3 t " At t ' At 

The maximum drawdown occurs at time t determined by 

2 
-rr = —?r -rr— = 0 The func t ion W(u ) equals a t , d dt du 

2 
oo _ u 

W(u ) = J e v du , g i v i n g as requirement 
Z u 

u 

2 2 

e t e t " A t 2 2 , t 
or u^ AJ. - u. s l a t t - At t - At t t - At 

(1Q106 (U)106 . t . . . . . . . 
• • • • • • • • — • — — • ? r—— = In • • ' v g i v i n g by t r i a l and e r r o r 

t - ( I 5 . 5 ) 1 0 b t t - (15 .5 )10° • 

t = (17)10 sec = 197 days and 

s = 0.2U9 (W(0.235) - W(2.67)} = O.2U9 {1.09 - 0 .02} = 0.27 m 

At the end of the pumping period, this drawdown would have been 

s = 0.2U9 W(0.258) = (0.2U9)(1.02) = 0.25 m 
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2k A semi-infinite unconfined aquifer is situated above a 

horinzontal impervious base and bounded by a fully penetrating ditch 

with a uniform and constant waterlevel of 20 m above the base. The 

coefficient of transmissibility kH of the aquifer amounts to (5)10 
2 

m /sec and the specific yield y to 30$. 

At a distance of 120 m from the ditch a fully penetrating well 

with an outside diameter of Q.k m is constructed. Starting at t = 0 

this well is pumped at a constant rate of (8)10 m /sec. 

What is the drawdown of the groundwater table at the well face 

after 7 days of pumping and after how many days will 95$ of the 

steady state drawdown here be obtained? 

The unsteady flow of ground

water to a well in an aquifer of 

infinite extent is accompanied by 

a drawdown s equal to 

Q. "o „ , 2, 
s = i.'_•,_•„• W ( u ) T+TTkH 

2 _ p r 
u • " O T t 

•with ——«H i r 

.".-iVar.;- . . • • . • ; . . 

1—^.-4*- ± -*-r 

Using t h e method of images t h i s gives as drawdown a t t h e face of t h e 

we l l under cons ide ra t ion 

S o = ^ { W ( U ? } ~ V ( U 2 ) } ~ t h 

u UkH t 
2 _ v .(.2L); 
2 ~ TSH t 

and as s teady s t a t e drawdown 

Qo 2L 
S - " 2irkH ^ r o 

S u b s t i t u t i n g t h e d a t a g ives 

0 U T T ( 5 ) 1 0 - 3 1 

W(u^)} = 0.127{W(u^) - W(u*)} 



2 _ 0.3 (0.2)2
 = CUJS 

Ul (U)(5)10"3 * " t 

u
2 = 0.3 (2U0)2

 = (0.86U)10
6 

U ? (U)(5)10"3 * t 

After 7 days = (0.605)10 sec 

s = 0.127{W((0.99)10~6) - W(1.U3)} = 0.127(13.25 - 0.11) o 

= 1.67 m 

The steady - s t a t e drawdown equals 

s = (2)(0.127) In | ~ = 1.80 m 00 0.2 

955? of this value or 1.71 m will be reac&ad at time t determined by 

«6> 
1.71.-0.127{W(S^) . wp0.86U)lO°j } 

from which follows by t r i a l and e r ror 

t = (1.0)10 sec = 12 days 
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k.25 A semi-infinite unconfined aquifer is composed of sand with a 

coefficient of permeability k equal to (0.U)10~ m/sec and a specific 

yield U of 25$. The aquifer is situated above an impervious base and 

is bounded by a fully penetrating ditch. Due to absence of recharge, 

the groundwater table is horizontal, at an elevation of 20 m above 

the base. 

At a distance of 300 m from the ditch a fully penetrating well 

with an outside diameter of 0.5 m is constructed. Starting at t = 0, 
—3 3 

the well is pumped at a rate of (15)10 m/sec for a period 6f 2 

sec. 
—3 3 days and after that at a constant rate of (10)10 m /s 

Questions: 

a. What is the drawdown of the well face after 5 days of pumping? 

b. What is the steady state drawdown at the well face at 

Q = (10)10~3 m3/sec. 

Q0=(15)10"
3m/s 

Using t h e method of 

images, t h e drawdown a t 

t h e we l l face i s g iven 

• • T I O T ^ ~ i ^ H W ( 4 ) w i t h 

^_L.36©m— 

2 u r o 
U1 =TIkH t ~ = 

0.25 

(10(0.1010~ 3 (20) 

(0 .25) _ 0.U88 

2 _ u (2L) _ 
U2 " THcH t 

0.25 

(U)(0.U)10~3(20) 

(600)2 .. (2.813)106 

p O C\ Q&O 

With u sma l l , W(u1) = In _ - - I n 1.152 t , g iv ing as drawdown 

formula 1 
Q„ 

s = 
M 0 . U ) 1 0 J ( 2 0 ) L -3 / 

I n 1.152 t - wJ (2.813)10 
t 

6 l 

\ or 

= 9.95 QQ[ln 1.152 t - w j ( 2 - 8 ; 3 ) 1 ° 6 j ] 
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For the abstraction 

pattern sketched on the 

right and 

t = 5 days = (1+32) 103 sec 

t = (5-2)days = (259-2)103 sec 

the drawdown at the well face 

becomes 

(15)103mVs 

(5)10"3mVsi 
days 

s = (9.95)(15)10-3| In(l.152)(l+32)103 - V | ( 2' 8 1 3 ) 1° \\-
0 L ( (U32)103 J 

- (9.95)(5)10"3 |ln(l.152)(259.2)l03 - W J ( 2 , 8 1 3 ) 1° \\ 
L I(259.2)10J )J 

S Q = (9.95)(15)10
-3 Jln(U9T.T)l03 - W(6.5D \ -

- (9-95)(5)10~3 J ln(298.6)103 - W(10.85) \ 

s = (9.95)(15)10-3 (13.12 - 0.00) - (9.95)(5)10~3 (12.61 - 0.00) 

s = 1.96 - 0.63 = 1 . 3 3 M o 

-3 3 The steady-state drawdown at the well face for Q = (10)10 m /sec 
o 

is given by 

Q. 
s = 

•o . 2L In — = (10)10 -3 

0 2ukH ro 277(0.1010"3(20) 

i„ (2)(300) - 1 « m 
ln 0.25 ~ K 5 5 m 
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k.26 A circular island with a radius L of 800 m is situated above an 

impervious base and is composed of sand with a coefficient of trans-
-3 2 

missibility kH of (12)10 m /sec and a specific yield u of 25%. In 

the centre of the island a fully penetrating well with an outside 

diameter 2r of 0.6 m is constructed. Starting at t = 0 the well is 

pumped at a constant rate of (50)l0~ m/sec. 

After how much time will the drawdown at the well face reach 

of the steady state value? 

Under steady flow conditions, the drawdown at the face of a well 

in the centre of a circular island is given by 

Q 
s = ̂  . .; In — In the case under consideration o 2irkH r o 

s = (50)10 In §22. = 0.6631 In-2667 = 5.23 m and 
0 2TT(12)10-3 °'3 

0.9 s = (0.9)(5.23) • U.71 m o 

The unsteady flow to a well in an aquifer of infinite extend is 

described by 

Q 2 
, o „/ 2, ... 2 u r 

s
0

 = T i s w ( u } w l t h u =mr 
At the well face, this may be simplified to 

0 ^ r 
, ^o , 0.5.62 . u 2 u o 

so = im ^ —T Wlth u
2
 = TTkH T 

U2 

To keep the drawdown at the outer circumference of the island zero, an in

finite number of recharge wells with a combined capacity Q will be assumed 

here. This reduces the drawdown at the well face to 

s o = u s iln — r - W ( V \'Wlth u 2 = ukH r 
U1 
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With the date under consideration 

7 

s^ = 0.3316 (in 1.20 t - W(y^) | and 

t = 105 s'= 0.3316 (11.695 - 0.000) = 3.88 m 

6 ° 
10 = 0.3316 (13.998 - 0.009) = k.6U m 

10T = 0.3316 (16.300 - 0.830) = 5.13 m 

(1.1).10 = 0.3316' (1U.093 - 0.013) = 'fc.67 m 

(1.2)10 = 0.3316 (1U.I8O - 0.017) = ^-70 m 

By interpolation it may be inferred that a drawdown of U.71 m is 

reached after 

t = (1.21)10 sec = 1U days 
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U.27 An unconfined aquifer of infinite extent is situated above an 
. . . 2 

impervious base. Its transmissibility kH amount to 0.015 m /sec, 

its specific yield equals 30$. In this aquifer a well with an out

side diameter of 0.5 m is set, its screen with a length of 20 m ex

tending over the lower half of the aquifer depth. During the summer 

half-year water is abstracted from this well in an amount 
•3 

Q = (0.05) m /sec, while during the winter half-year the same amount 
of water is recharged. 

What is the ult imate var ia t ion of the ground-water table at the 
well face? 

The unsteady flow of groundwater to a single, well can be des

cribed by 

Qo ... 2> . u 2 u r 2 

s = raiw(u} Wlth u • TSH — 

2 
At the well face u is always small, giving as good approximation, for 

a fully penetrating well 

. Q ° ,: Q-562 q.o.5 .,, (o.56a)(i4)(o,oi;) . -
' . - U . U 1 - u2 -CTo^5T l ° (0.3„„.25)=

 t o r 

s = 0.265 In 1.80 t o 

The^^pcimum drâ dOiWn̂ .â 'ĵ l̂  well face'-occurs at the end of the pumping 

pe,r»i®f:. When pum̂ ngrifeair;|6s at t = o, this gives * 

t = 2 year = (1.5.8.) 10 sec 

s = 0.265 In(l.80)(l5.8)l0 = 0.265 In(28.l+)106 = U.55 m 

The first transition from pumping to recharge is mathematecally 

accomplished by superimposing a recharge of double capacity and the 

next transition from recharge to pumping by superimposing an abstrac

tion 2 Q (see diagram). This gives 

o 

t = 15 year 

S Q = 0.265 j ln(3)(28.U)l0
6 -2 ln(2)(28.U)l06 + 2 ln(28.4)l06 J 

s = o.265 ln,(3)(l)
2(28.U)W8

 = Q;265 l n ( 3 ) ( 2 8 > U ) 1Q6 = ^ m 

0 (2)2(28.U)21012 h 
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pumping recharge pumping recharge pumping recharge pumping 

+ % 

1 
5 

+ % 

~2% 

+ % 

-2% 
+ 2 Q o 

-

+ 

- 2 

+2 

- 2 

Qo 
Qo 
Qo 
Qo • 

+ 

- 2 

+2 

- 2 

+2 

Qo 
Qo 
Qo 

23 

+ 

- 2 

+2 

- 2 

+2 

- 2 

Qo 
Qo 

% 

+ 

- 2 

+2 

- 2 

+2 

- 2 

+2 

Qo 
Qo 
Qo 

°<0 
Q o 

3 s year t = o 

t = 2\ year 

v2,.N2 
s = 0.265 In {3){l] {V (28.U)106 = 0.265 In ^ (28.U).106 = U.U5 m 

(U) 2 (2) ' 
o " / I . N 2 , „ V 2 * " " - ' , W « " • " ' ^ " 6U 

t = 3? year 

2 2 2 
s n = 0.265 in [1){1] {l] {l] (28.U)106 = 0.265 i n ^ (28.U)106 = U.U5 m 

0 ( 6 ) 2 ( U ) 2 ( 2 ) 2 2 3 0 l + 

and u l t i m a t e l y 

s = U.U3 m o 

Due to partial penetration, an additional drawdown will occur 

Q / x 
A o 1 - p , (1 - p)h ... _ c As = ^ In tLi— , with p = 0.5 
o 2irkH p r 

0 

* „ = M f ? £ ! - 1 ^ § P - 0.531 m U0 . , . , 6 . . This g i v e s 

s + As = U.U3 + 1.96 = 6.39 m and a variation in water table elevation of 
0 o 

(2)(6.39) = 12.8 m 
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Q1 A leaky artesian aquifer is situated above an impervious base and 

overlain by a semi-pervious layer. Above the latter layer an unconfined 

aquifer is present, the water table of which is maintained at a constant 

and uniform level. The thickness H of the artesian aquifer equals 50 m, 
-3 

its coefficient of permeability k (0.36)10 m/sec, while the resistance 

c of the overlying layer against vertical water movement amounts to 

(190)10 sec. 

The western half of this aquifer is used as catchment area for 

a water supply company. To its regret this company notes that across 

the eastern boundary, with a length of 3000 m, artesian water in an 

—3 3 

amount of (0.018)10" m /m'/sec is flowing out. To intercept this out

flow it is decided to construct a line of wells along the boundary. The 

wells are drilled at intervals b of 150 m, with a diameter of 0.30 m 

and a screen length of 15m, from 10 to 25 m below the top of the aqui

fer. 

What is the maximum drawdown of the artesian water table at the 

face of a well, when all wells are pumped at the same rate Q , of such 

a magnitude that the outflow is reduced to zero. 

// /S\*.-=///3 U\ =/V/=\J. 

To solve this problem, the line of 

wells is first replaced by a gallery 

with the same capacity per lineal meter 

% 

^,\mfom pumpina 

<VAViW///ZZZ. 
'. •."'. •fca'ff) • '*• j |;(°-°^J to-/? 

When the gallery operates, the picture at 

the right gives as remaining outflow q., > / * • ; 

(0.018)10 -3 
W<WWV&^ 

•?•/*: 

To reduce q, to zero clearly asks for a gallery capacity 

q = (0.036)10-3 m3/m'/sec 

The drawdown due to pumping a fully penetrating gallery of infinite 

length in a leaky artesian aquifer is given by 
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jo X_ -x/X 
2 kH e with 

X = y^Ec = /(0.36)10~3(50)(190)105 = 1850 m 

The drawdown at the face of the gallery thus becomes 

, (0.036)10 3 1850 o , oc 
0 2 (18)10 5 

In reality, however, the gallery has only a finite length 

of 3000 m, "by which the drawdown will be smaller 

B.,» 1415m ̂  1500 m 

s" = Ss1 with 
o o 

1 B1 1 B2 
8 = - F (—) + - F (—) 
p 2 rx ' 2 rx ; 

The reduction factor S has its largest value in the 

centre of the line of wells 

o 

i 
o 

i 
o 

i 
o 

r--<3 

B^iSfSm J 150° m 

o 

s - 1V^ + i V ^ = 1 F i ( 0 - T T 1 ) + 1 V 0 - 8 5 1 } 
or 

B = ^ (0 .718 + 0.7^6) = 0.732 

s" = ( 0 . 7 3 2 ) ( 1 . 8 5 ) = 1.35 m 0 

A = \\> a/ / /«\u S.//JS. 

wall fcLtaV^N 

At the well face the drawdown is larger 

due to point abstraction and partial 

penetration yy////f//i: 

Q. 
As 

o b 
0 — In r—— , Q = b .q 2f 

p . a. 2trkH 2irr o ^0 

.' I f fm'- L 

a. 
« W = \ U i / / ^ , i 

WZZZZZZZZZ2 
10 rn 

fv:':-": 

A s = (150) (0 .036)10 
P ' a ' ~ 2ir ( 1 8 ) 1 0 - 3 

-3 
In J1P_ 

2ir( 0.15) •' ••' 
'2(J, » O.Jm 

H = 50m 

= (O.OU78) I n 159 - 0.2U m 

OT5Se$SS^X*X?W$S^ 



5.01 

Qo 1 - ah 
As = - , TT — — ^ In — with a a function of the amount 

pp 2irkH p r 
o 

of penetration p and the amount of eccentricity e 

p-l- . i i - 0 . 3 0 , e - f - ^ - 0 . 1 5 . a = 0.39 

As = (0.01,78) ̂ I l n ( 0 - 3 ^ 1 ^ - 0 . U 1 , 
pp 0. J 0. 1 p 

The maximum drawdown at the well face thus becomes 

s = 8s' + As + As = 1.35 + 0.2*+ + 0.U1 = 2.0 m o o pa pp 

http://p-l-.ii-0.30
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5°02 A leaky artesian aquifer is situated between an impervious layer 

at the bottom and a semi-pervious layer at the top; Above the latter 

layer phreatic water with a constant and uniform level is present. The 

thickness H of the leaky artesian aquifer amounts to 60 m, its coeffi-

cient of permeability k to (0,23)10 m/sec, while the overlying semi-

pervious layer has a resistance c of (180)10 sec against vertical 

water movement, 

In the leaky artesian aquifer a circular battery of wells is 

constructed. The battery has a diameter of 250 m and is composed of 

10 wells, each with a diameter of O.k m and a screen length of U5 m, 

extending from the top of the aquifer downward. From each well a 
-3 3 

constant amount of (15)10 m /sec is abstracted. 

a. What is the drawdown of the artesian water in the centre of the 

battery? 

b. What is the drawdown of the artesian water table at the well face 

and halfway between two consecutive wells. 

The drawdown due to pumping 

a single well in a leaky artesian 

aquifer equals 

Q„ 
s = 2irkH o"\ 

K (f) with X = /kH^ 

With n wells at an equal distance 

p from the centre of the b a t t e r y , 

the drawdown there becomes 

» * . • • • 

* • 

• ' . • '/: 

•'.'.-. , o ' Q , 
• • • / • ' ' . • • 

. : . . / . '• • 
• \ 1 • 

; • * • . ; ; • 

• A • • • • \ 

• . \ • . 

• . % o . •' 
\ 

' N -
r .. . v 

- °~ •: 
,(1?)10~. 

• ' - . ' • ' 

>Q^V^. 

7"* ( X -

* / • " . ' • 
m / 4 « C 

_i~* 

' n.** 
"X. 

t 

• 
Cr. • 

• 

s . *. • ' . • 
s • 
'• b •. •. 
' •'.'V •'•• 
'J>A •' 

i» - • \" •. 

• & : • 

•A / • . ' • • • 

7 • 

•.' P . • • • 

y . " • 

n Q 
s = ° K (f) 

c 27rkH o \ 

With ~ small, less than about 0.2, this formula may be approximated by 
A 

n Qo 1.123X 
Sc " 2trkH ** p 

In the case under considerat ion 

p = 125 m, X = V ( 0 . 2 3 ) 1 0 " 3 ( 6 0 ) ( 1 8 0 ) 1 0 = 1610 m and f = 0 .0T8, 
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so that the approximation mentioned on page 5.02-a may certainly he 

applied. The drawdown at the centre of the battery thus becomes 

s . 00>0^0~3 ln (1.123?(1610) = 1>73 ln lUi5 = u>62 m 
C 27r(0.23)l0_i(60) 12^ 

The physical meaning of the approximation used above for the calcu

lation of the dravdovn in the centre of the battery, is that over the 

area of the battery the recharge from above is negligeable and the 

artesian water table horizontal. In the line of wells, the average 

drawdown is consequently equal to s = U.62 m. At the face of each 

well the drawdown is larger by point abstraction and partial penetration. 

Q o b . . 
As = , . „ ln with b as distance between 2 consecutive wells 

p. a 2irkH 2irr e o 

b = | Q TT(250) = 78.5 m 

Asp.a= W l n 2 ^ 2 1 * °'1T3 l n 6 2 '5 " °" 7 2 m 

0. , x o 1 - y , (1 - p)h . . . . „ . . . As = ^ , „ ln c — with p as amount of penetration pp 2irkH p r * r 

As p p = 0.173 §^=| In (0-Q
2l)k5 = 0.058 ln 56.2 = 0.23 m 

Together 

s„ = s + As + As = k.62 + 0.72 + 0.23 = 5-57 m 0 c p.a p.p 

Halfway between two wells the drawdown is smaller by an amount 

As = -^~ 0.693 = (0.173K0.693) = 0.12, together 

s = s - A s = U . 6 2 - 0 . 1 2 = U.50 m 
c 
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5.03 An artesian aquifer without recharge from at>ove or from "below is 

bounded by two fully penetrating ditches, which separate a strip of 

land of constant width equal to 1500 m. The water levels in both ditches 

are equal, constant and uniform. 

In a line parallel to the ditches and through the centre of the 

strip of land, three fully penetrating wells with outside diameters 

of 0.25 m are constructed at equal intervals of 75 m. From the 3 wells 
-3 3 

together ground-water in an amount of (50)10 m /sec has to be ab
stracted. 

Which subdivision of this total abstraction must be chosen so 

that the drawdown at the face of each well has the same value? 

In the near surrounding of a well in 

the centre of a strip of land without re

charge from above or from below, the draw

down equals 

Q o . R . . . _ U _ 
s = _ . TT I n — w i t h R = — L 

2ITKH r IT 

In the case under consideration, symmetry 

requires 

Q-i = Qo giving as drawdowns 

.'• ••• . v - i . '•:•'.•.:;• 
.;•.••• ;o a, •• V. 

:r? :<3: 
b-7?iri 

6 Q : 

A- , R V n R Q1 . 
s < = mln ~+ ^^ln • + : ^ 7 l n 1 

Q _ ^1 
s 2 27fkH 

2irkH 

R Q' 
111 b + 2TTkH 

27r-kH 

«1 

1_ 
2b 

r 2irkH b 
o 

Q1 n R2 Q2 . R 
2%kH 2 r b + 2irkH b 

1 R ? R 
2 ^ H l n ~2 + 2^kH l n ~ 

b o 

To satisfy the requirement 

s, = s. or 0 = -s. + s? 

Q 2 Q Q 
0 ' " 2̂ kH l n 27T ~ 2^kH l n b + 

R 2 R 
2̂ kH l n ~2 + 2^H l n 7" 

b o 

0 = " Q1 ln ir~ + Q2 ln 7" 
o o 



With the data given 

0 =-Q, In -35- + Q^ in -IS 
1 l n ^ 2 ? + Q2 l n 0^125 = -5'70 Q1 + 6-U° Q' 

Q., = 1-123 Q2 

With as total capacity 

(50)10"3= 2Q1 + Q2 = 3.2U6 Q2 or 

5.03-b-

Q2 = (15.U)10" m /sec and Q1 = Q3 = (17.3)10~
3 m3/sec 



5.0U-a 

Ol* A- leaky artesian aquifer is bounded at the bottom by an impervious 

base and at the top by a semi-pervious layer. Above the semi-pervious 

layer an unconfined aquifer with a constant and uniform water table is 

present. The coefficient of transmissibility kH of the artesian aquifer 
—3 2 amounts to (3)10 m /see the resistance c of the overlying layer against 

vertical water movement to (50)10 sec. 

In the artesian aquifer k fully penetrating wells are set on a 

straight line, at equal intervals b of 200 m and are pumped at the same 
—3 3 

rate of (8)10 m /sec. The outer wells have a diameter of 0.25 m, the 

diameter of the inner wells is larger. 

How large must the diameter of the inner wells be chosen so that 

the drawdown at each well face is the same and what is this amount of 

drawdown? 

• Q» >Q, 

The drawdown formula for a well 

in a leaky artesian aquifer reads 
/>/»/)*S^ 

Q. 
s = 2irkH o X 

K ( f ) wi th \ 

X = >/kHc 

In case r/X is small, this formula 

may be approximated by 

zzzzzz 

It ;M15// 

^SS/S/A 

IT" 

Y////M 
I I . " - : l I.- ;. 
I I . • .-. • j i. • • 

iVir-- .1 M r« 
• 1 1 : • ; • ' • • . • I i ' ; • •'. 

ink 

. Qo | 

'//////. 

'••'•• • \ ' . : . l 

\Q° 

** 

f 

V////S/SS. 

„ o_ 1 n 1.123X 
2irkH r wall 

*#%?><$ wx&p%&® 

Using t h e method of s u p e r p o s i t i o n t h i s g ives as drawdown a t the faces 

of t h e o u t e r and inner we l l s 

Qo r, 1.123X _,_ „ ,b, _,_ „ ,2b. „ ,3bN, s o i = 2^H {ln -7— + K o ( x } + K o ( r ) + K o ( r ) } 

0 

Equa l i t y of both drawdowns r e q u i r e s 

l n i^23X + K ( J b } . l n 1 ^ + fy 
r o A r o A 

o o 



5.0U-b 

In ̂ 2- = K (*-) - K (^) 
r o X o X' 
o 

With b = 200 m and 

• X = ^Hc = /(3)10"3(50)106 = 387 m 

r » 
In -j- = K (0.517) - K (1.55) = 0.897 - 0.200 = 0.697 = In 2.01 

o 

r ' = (2.01)(0.25) = 0.50 m o 

The drawdown i t s e l f becomes 

, - 3 
s = — ^ 8 ) 1 ° {in 3U80 + K (0.517) + K (103U) + K (1 .55 )} 

° 27r(3) l0 - 3 ° ° ° 

s = 0.U25 (8 .15 + 0.90 + 0.1*0 + 0.20} = U.1 m o 



5.05-a 

5.05 A leaky artesian aquifer of infinite extent has a thickness H of 

60 m and a coefficient of permeability k of (0.3)10 m/sec. The aqui

fer is hounded at the bottom by an impervious base and at the top by 

a semi-pervious layer with a resistance of (0.15)10 sec against ver

tical watermovement. Above this layer phreatic water with a constant 

and uniform level is present. 

In the leaky artesian aquifer h wells are constructed, at the 

corners of a square with sides of 60 m. The wells have outside dia

meters of 0.1* m, with the screens extending from the top of the aqui

fer 20 m downward. All wells are pumped at a constant rate Q of 

(20)10 m/sec each. 

What is the drawdown at the well face and what is the drawdown 

at a distance of 100 m from the centre of the square? 

ft- •' ••• ... 

The drawdown due to pumping a fully 

penetrating well in a leaky artesian aquifer 

of infinite extent equals 

Q 
s = ° K (f) with 

2irkH ovA' 

X = ^cHc = /(0.3)l0_::i(60)(0J5)l09 = 16U0 m 

When — is small, less than 0.16, a 99% accurate approximation may 
A 

be had with 

Q. -3 
s = 2TrkH In 

1.123* _ (20)10 

r " 2TT(0.3)10-^(60) 
In 

(1 .123)Cl6U0) 
or 

s = 0.177 In 
1850 

Using the method of superposition, the drawdown in a point at dis

tances r , r , r_ and r, from the k wells now becomes 

s = 0.177 In (1850) 
(r1)(r2)(r3)(ru) 

At the well face the distances r1 to r. equal 



5.05-b 

r = r = 0.2 m, r = r = 2a = 60 m, r, = 2B.^2. = 85 m 

so • °'1TT ^ « B f t 8 5 ) = °',T7 ln ( K 9 2 ) 1 ° 8 ' 3-3T " 

At the well face in the meanwhile, the influence of partial penetration 

must still be considered. This results in an additional drawdown 

A o 1 - p - ( 1 - p)h -.,.,_ -, _,., , As = 0 . „
 & ln c — with h as screen length and o 2irkH p r 

p - l - i - 0 . 3 3 3 

4 s o - ° - 1 T T f f f f l n ( 0 - 6 6 ^ 2 0 ' = 0.35U in 66.7 - 1.51 » 

The drawdown at the face of the pa r t i a l l y penetrating well thus becomes 

s ' = s +As =3-37 + 1.51 = 1 +.9m o o o 

At a distance of 100 m from the centre of the group of wells, the 

drawdown will vary. Extreme values will occur in the points A and B of 

the accompanying sketch. With 

rA 
/ 2 2-1 / 2 21 

/(r - a) + a = 76 m and /(r + a) + a = 133 m 

r_ : r - a/2 = 58, r + a/2 = 1U2 and /r2 + (a/2")2 = 109 m 

the drawdowns wi l l be 

S = 0.177 In —Ll |50j— _ 0 > 1 T T l n ( 1 # i 5 ) 1 0 = 1 .09 m 
A (76)2(133)2 

SB = 0.177 in {58)\]l%)l09y,i - 0-177 In (1 .20 )10 U - 1.10 m 



5.06*-a 

06 A leaky artesian aquifer has a coefficient of transmissibility kH 
-3 2 equal to (5)10 m /sec and is "bounded at the bottom by an impervious 

base and at the top by a semi-pervious layer vith a resistance c of 

(20)10 sec against vertical water movement. Above this semi-pervious 

layer phreatic water with a constant and uniform level is present. 

In the leaky artesian aquifer 6 fully penetrating wells with 

outside diameters of 0.5 m are constructed and pumped at equal capa

cities Q . The wells are set along 

the circumference of a rectangle 

as shown in the picture at the 

right. 

What must be the well capacity Q 

so that over the full area of the 

rectangle the lowering of the arte

sian water table is at least 3 m and 

what is the maximum drawdown at the 

well face? 

The minimum drawdown will occur in point A, having as distances 

to the well centres 

r = 30 m 

:'.?r.-~v:?-7:-\ 
• • . : • • • • . • . . • • • • ; - : | - \ 

1 . • . • • 1 . 
1 • - . ' . ' • 1 • 

&62 :•': •','..'§•., 
. . . . . . . . • . , . 

•'• . ! • ' • • • • : . • - J • • • • • " • 

• . ! - ' • • ' : ' • • • i - ' . K : 

r2 = /(30)
2 + (5'Q)2 = 58.3 a 

r = /(30)2 +(100)2 = 10U.U m 

With X = r̂ Hc = /(5)10""3(20)10 = 316 m, the drawdown due to pumping 

all wells with the same capacity Q equals 

a. = (63.7) Q {2.U8 + 1.83 + 1.29} = (356)0. 
A O O 

Going out from the requirement s. = 3 m, gives 

Qo = 356 = (8-U)10"3 m3/sec 



5.06-b 

The maximum drawdown will occur at the face of well B 

_ ( 8 . U ) i o ~ 3
r ( 1 .123) (316) ,_60x K ,_jo> r i L l n 

3B " * , 0 i n - 3 [ l n 0.25 K O ( 3 1 6 ) + 2 K O ( 3 1 6 } + 2 Ko (3l6 ) } 

ST3 = 0.268 (7 .26 + 1.80 + 2 ( 1 . 9 8 ) + 2 ( 1 . 6 9 ) } = k.k m 
B 



5.07-a 

07 A leaky artesian aquifer has a thickness of 20 m, a coefficient 
-3 of permeability of (0.15)10 m/sec, is "bounded at the bottom by an 

impervious base and at the top by a semi-pervious layer with a resistance 

of (50)10 sec against vertical water movement. Above this semi-pervious 

layer an unconfined aquifer with a constant and uniform water table is 

present. 

In the artesian aquifer k wells are set on a straight line, at 

equal intervals of 100 m and are pumped at constant rates of (8)10 
3 

m/sec each. The wells have equal diameters of 0.30 m, but the inner 

wells are fully penetrating, while the outer wells only partially pene

trate the saturated thickness of the aquifer. 

Calculate the screen length h of the outer wells, extending from 

the top of the aquifer downward, so that at each well face the draw

down has the same value. How large is this drawdown? 

When all wells are fully penetrating, the 

drawdowns of the outer and inner wells amount to 

, 25".'Vvi'*yf".<f» s , = 
-2b, 3b, 

Q° iK.ih • 2>c0<r> * * o ( f» S2 = 2irkH l*VX 

wi th X - &Xc and K (•*&.) = i n 1 ' 1 2 3 * 
OX r 

o 
In t h e case under c o n s i d e r a t i o n 

1.0 

2 O - •*• 

A = / ( 0 . 1 5 ) 10~3 ( 2 0 ) ( 5 0 ) 1 0 ^ = 387 m 

. _mo± {ln o- if 'w> •. K (i») • itM) + K (a&} 
2 T T ( 3 ) 1 0 " 3 5 3 ' 3 T ° 3 T 

s . = 0.U2U {In 2900 + K (0 .259) + K (0.518) + K (0 .777)} 
1 0 0 0 

s, = 0.U2U {7.963 + 1.509 + 0.895 + 0.586} = k.6k m 

s = 0.U2U {7.963 + ( 2 ) ( 1 . 5 0 9 ) + 0.895} = 5-03 m 



5.07-b 

The difference of 0.39 m must equal the influence of part ial pene

tration 

Q o 1 - p , (1 - p)h . . . , „ As = ^ . „ ^ In J iLL— with h = pH o 2TrkH p r * 
o 

0.39-0.U2U 1 ^ ^ L L ^ E l M U O l 

By t r i a l and error this gives 

p = 0.77 and h = (0.77)(20) = 15.U m 



5.08-a 

5«08 A leaky artesian aquifer has a thickness H of k-5 m and is com

posed of sand with a coefficient of permeability k equal to 

(12)10 m/sec. At the bottom the aquifer is bounded by an impervious 

base and at the top by a semi-pervious layer with a resistance c of 

(20)10 sec against vertical water movement. Above this semi-pervious 

layer phreatic water with a constant and uniform level is present. 

In the leaky artesian aquifer h wells are set at the corners of a 

square with sides of 80 m and are pumped at equal capacities Q . 

The outside diameter of the well screen amounts to O.U m, while the 

screen penetrates the aquifer over a distance of 15m. 

Question: 

a. What must be the well capacity Q so that over the full area 
o 

of the square the lowering of the artesian water table is at 

least 3 m? 

b. What is the resulting drawdown at the face of each well? 

The drawdown accompanying 

the flow of water to a well in 

a leaky artesian aquifer is 

given by 

Q0 

S = 2^H K o ( I } * t h 

o. 
B 

80 m 

•I 
80m 

O. .• 

\ = \ / k H c = \ / ( 1 2 ) 1 0 " 5 ( 1 + 5 ) ( 2 0 ) 1 0 6 = 329 m 

The minimum lowering of the groundwater table occurs either in point 

A or in point B 

Q. Q. 

V-2S^'-^i^0',T2)-15iW(1^-

= 7.59 A. 
2ffkH 



5.08-b 

! 2K0 ( |?) + 2 Kc<W>) " S | H K < 0 - ' 2 2 > * ao<0.2T2}} = SB = 2irkH 

S^j(2)(2.232) + ( 2 ) ( 1 . W 3 ) J . T . 3 9 ^ 

The drawdown in point B is the deciding factor, requiring a capacity-

larger than 

Qo " T 3 9 ~ ' 7̂ 39 (13.8)10 m /sec 

At t h e face of a f u l l y p e n e t r a t i n g w e l l , t h e drawdown equals 

Qo ( (1 .123) (329) , 2 K ,80_) + K (QoN/s 'o-
>TTkHlln 0 .2 + 2 K o ( 3 2 9 J V 329 }5 " 

( In 18U7 + 2K (0.2U3) + K (0.3UU) ] 
< o o ) 

Q 
{ 7.52 + ( 2 X 1 . 5 6 8 ) + (1.2U8) J = 11.90 ~ j g - o r 

So = 2iTkH 

% 

2ffkH 

3 , ( 1 1 - 9 0 ) ^ 3 . 8 ) 1 0 - 3
 s U - 8 , m 

0 2 I T ( 1 2 ) 1 0 ~ > ( U 5 ) 

Due t o p a r t i a l p e n e t r a t i o n , t h e drawdown a t t h e wel l face w i l l be 

l a r g e r by an amount 

A
 Qo 1 - p , (1 - p)h As = . . „ £ In c — with o 2TrkH p r 

o 

P - | - £ f = 0 . 3 3 3 

A s „ ( 1 3 . 8 ) 1 0 - 3 1 - 0 . 3 3 3 l n (1 - 0 . 3 3 3 ) 1 5 = 3 > l 8 m a n d 

0 2ir( l2) l0"5( iv5) ° ' 3 3 3 ° ' 2 

s + As = U.8U + 3.18 = 8.02 m 
o 0 



5.09-a 

5.09 A leaky artesian aquifer is situated between an impervious layer 

at the bottom and a semi-pervious layer at the top. Above the latter 

layer phreatic water with a constant and uniform level is present. 

The thickness H of the leaky artesian aquifer amounts to 50 m, its 
-3 coefficient of permeability k to (0.30)10 m/sec, while the overlying 

semi-pervious layer has a resistance of (200)10 sec against vertical 

water movement. 

In the leaky artesian aquifer a circular battery of wells is 

constructed. The battery has a diameter of 180 m and is composed of 

6 wells with diameters of 0.U m, set at equal intervals. 

At what minimum capacity Q must the wells be pumped so that over 

the full area of the circular battery the lowering of the artesian 

water table is at least 5 m ? . . 

The drawdown due to 

pumping a well in a leaky 

artesian aquifer is given by 

Q. 

27rkH o 1 
K ( f ) wi th 

=VikHc = \ / ( 0 . 3 ) 1 0 " 3 ( 5 0 ) ( 2 0 0 ) 10 = 1732 m 

This value i s so l a r g e , tha t the Bessel function may be replaced by 

i t s logarithmic approximation 

Q Q 
- ° i n 1-123 X _ * 

S " 2TrkH r 27rkH 

o l n 1 9 U 5 

At t h e same t ime t h i s means t h a t i n s i d e t h e b a t t e r y of we l l s t h e r e 

charge from above i s n e g l i g i b l e and t h a t everywhere t h e drawdown 

i s the same, equal t o t h e drawdown a t t h e wel l c e n t r e 

A 2ffkH 90 2irkH 



5-09-b 

Only in the immediate vicinity of the wells do deviations occur and afc. 

point B the drawdown is less by an amount 

S A " SB = 2^H ( ° ' 6 9 3 ) This gives 

from which as minimum value of Q follows 
o 

Q _ 2 l f k H SB .. 2 T T ( 0 . 3 0 ) 1 0 " 3 ( 5 0 ) ( 5 ) _ , ^ ^ i n " 3 . . .3 ' . 
Qo " 17.75 " fPTT5 ~ ( 2 6 ' 5 5 ) 1 ° m / s e c 



5-iQ 

5.10 A leaky artesian aquifer is situated above an impervious base 

and is overlain by a semi-pervious layer. Above the latter layer an 

unconfined aquifer is present, vith a water table that is maintained 

at a constant and uniform level. The coefficient of transmissibility 
2 

kH of the leaky artesian aquifer amounts to 0.02 m /sec, while for a 
-3 3 

capacity of (50)10 m /sec the drawdown at the face of a fully pene
trating well with an outside diameter-of 0.6 m equals 3.0 m. 

In the leaky artesian aquifer mentioned above, a second well 

must be constructed of the same design and capacity. What is the 

minimum distance between the two wells so that the lowering of the 

artesian water table does not exceed a value of 3.5 m? 

For a single well in a 

leaky artesian aquifer, 

the drawdown equals 

Q 
S = 2^H Ko(f} 

and a t t h e wel l face 

Q o . 1.123 A s = r- I n o 2irkH r 
o 

In the case under consideration 

, -3 
3.0 (50)10 

2 T T ( 0 . 0 2 ) In 
1.123 A 

0.3 

Y777777 c 

kH 

or 

In U Q 2 ^ X = 7.5U0 = i n 1882 or. 

x m (1882) (0 .3) . 5 0 3 n 

1.123 

With both we l l s in o p e r a t i o n , t h e drawdown a t t h e w e l l face w i l l be 

0 Q 
o , 1.123 A __ <3 „ , a , 

3 o = 2^kH l n " - ; 2^kH V I j 

3.5 = 3-0 + (50)10" 
2ir(0.02) oV503 K (rfe) 

K (-*_) = ( 0 . 5 ) (2 ) i r (0 .02 ) = 

ov503 -3 (50)10 

a > (503)(0.3U1) = 172 m 

1.2566 = K (0.31*1) or o 





5.11-a 

ditch btfcild'na p i t .' 

-A?"" Jf>-iOni—\ • 

11 An semi-infinite unconfined aquifer has a coefficient of per-

meability k equal to (0.17)10 m/sec, is situated above a horizontal 

impervious base and bounded by a fully penetrating ditch. Rainfall and 

evapo-transpiration are about the same with as consequence that the 

ground-water table is horizontal, equal to the constant water level 

in the bounding ditch at 20 m above the impervious base. 

In the unconfined aquifer a building 

pit must be drained for which purpose 3 

fully penetrating wells have been construc

ted as indicated in the sketch at the 

right. The wells have equal diameters of 

0.3 m and are pumped at the same rate Q . 
o 

What is the minimum rate of abstract

ion necessary to lower the groundwater 

table with at least 2 m over the full 

area of the building pit. What is the 

maximum drawdown at the well face and what is the lowering of the 

groundwater table 1 km from the ditch? 

With an unconfined aquifer above 

an impervious base, the drawdown due 

to pumping a single well at a distance 

L from a ditch with constant water 

table, follows' from 

Q ' 
_2 .2 o . r 
H - h = —— In — 

irk r 

In the case under consideration, the 

drawdown will be minimum in point A. 

Using the method of superposition, 

the remaining water table depth here 

is given by 

Qo 
IT - h1: = -r (In 

A irk + In 
(2L + l) 2 + b 2 

2 2 
1 + b 

l2 + (2b)2 



5.11 

With H = 20 m, s. = 2 m, h becomes 20 - 2 = 18 m, giving with the 

data supplied 

(20)2 - (18)2 = 
Q ° - in (^) P2°t+{35)l fe^ 

ir(0.1T)10 -3 3 0 1 (30)^+ (35T ' (30)2+ (TO) 

U00-32U = 2s ^ ^ § £ 1 ^ 139 Q r 

. (0.17)10-3 3 0 * * ^ 

Q o = ( T 6 h ( 0 . 1 T ) 1 0 - 3
 = ( 1 3 t 6 ) l 0 - . 3 m 3 / s e e 

The maximum drawdown occurs at the face of the centre well 

H 2 . h 2 . ^ ^ ( 2 L ) 2 + b 2 

o irk r , 2 
o b 

(o^2 h2 - P3 .6)1(T 3 90 Q20) 2 + (35)2 
(20) - h = — In -jT-r-r- s 

0 . (0.17)10 3 ° * 1 5 (35) 2 

U00 - h 2 = 25.5 In o~f5 "iff!2 " 23'5 l n T 6 5 3 = 228 

h2 = U00 - 228 = 172, h = 13.1m and 
0 0 

s = H - h = 2 0 - 13.1 = 6.9 m o o 

The drawdown s =6.9 m in the meanwhile represents the lowering of 

the water level inside the well when the well losses - if present -

are neglected. Outside the wells the water table is higher by the 

surface of seepage m 

H ., hOv2 20 , . 15.2N
2 . , 

m
0

 = 2 (1 T] = T (1 -~2o"] = ° ' 6 m 

giving as r e a l drawdown at the wel l face 

s ' = 9 - m = 6 . 9 - 0 . 6 = 6 . 3 m 
0 0 0 

At 1 km = 1000 m from the ditch, the drawdown equals 

s „ Jgo ^
 1000 + ^ = (3)(25.5) ̂  1<095 „ 0 > 1 7 m. s 2irkH 1000 - U5 UO 



5.12-a 

5.12 A semi-infinite unconfined aquifer has a coefficient of permeabi-

lity k equal to (0.25)10 m/sec, is situated above an impervious base 

and "bounded by a fully penetrating ditch with a constant water level, 

rising to 12 m above the impervious base. From the aquifer the ditch 

receives groundwater, originating from available rainfall in an amount 

of (30)10 m/sec over an area extending to 1500 m beyond the ditch. 

At a distance of 300 m parallel to the ditch a line of 9 fully 

penetrating wells is constructed. The wells have diameters of O.k m, 

are set at equal intervals b of 110 m and are pumped at a constant 
—3 3 rate of (U.5) 10 m/sec each. 

What is the lowest waterlevel inside the well, neglecting well 

losses? 

When provisionally the line of 

wells is replaced by a infinite gallery 

with the same capacity per unit length 

Q ,-3 
o (U.5) 10 ,i,^„-6 3, ,, 

% ~ ~ —110 = ^ 1^ 1 0 m /a1/sec 

the flow pattern caused by rainfall and 

abstraction may easily be determined. 

According to the figure at the right, 

there remains an outflow of groundwater 

into the ditch with as magnitude 

P(L1 + V - *o 

,-9 -6 = (30) 10~y (1500)-(U1)10 = (U)10 

For the strip of land between the ditch 

and the gallery, the equations of flow 

thus become 

Darcy 

Continuity 

q = -kh — ^ dx 

1 = - q d + Px 
>w>&kww>^^ 



5.12-b 

*d P combined hdh = ;— dx - — xdx k. k 

Integrated between the limits x = 0, h = H and x = L , h = h 

2 „2 2qd _ P ' ,2 
hQ - H = -r— L1 — — (L-|) or with the data given 

(300): 
2_ ( 1 2 )2 = (2)(U)lO-6 (3(J0) _ (30)^0-9 2 

(0.25)10~3 (0.25)10"3 

h 2 - 1UU= 9-6 - 10.8 , h 2 = 1U2.8, h = 11.9 m 
o o o 

Before pumping the gallery, the full recharge by rainfall flowed out 

to the ditch 

qd = P(L1 + L2) = (30)10"
9(1500) = (U5)10~6 n^/m'/sec 

giving as watertable elevation h at the gallery 

h 2 . 1UU . (2)(>5)10-
6
 (30Q) _ (30)10-

9
 ( 3 0 0 )2 

s (0.2;)10~J (0.25)lO_:i 

h 2 - 1UU = 108 - 10.8, h 2 = 2U1, h = 15.5 m 

and as drawdown at the face of the gallery 

S Q= h - hQ = 15.5 - 11.9 = 3.6 m 

Due to the finite length of the gallery, this drawdown will in reality 

be smaller 

B R 
«• = 8so with 3 - 1 F ^ ) + 1 F2(^) 

B-(g)(no) a qyom. 

O O O O O O 

E>T » 4 ^ m I B, .4<3? m a 



5.12-c 

The reduction factor S has its largest value at the place of the centre 

well 

B1 = B2 = U95 m 

6 = F2 (|§£) = F2 (0.825) =0-^76 

s * = 2.U m and h * = 15-5 - 2.U = 13.1 m 
o o 

In reality the groundwater is not abstracted with a gallery but by 

means of a line of wells. Due to this point abstraction an additioned 

drawdown will occur 

QQ b 

As = , ,.—r In - . In the case under consideration 
0 o 

As = (U-?)1° In _ H ° ^ = 0.221 In 87-5 • 1.0 a 
2ir(0.25)l0"3 (13.0) 2^0.2) 

giving as lowest water table depth inside the well, neglecting well losses 

h " = h ' - As = 13.0 - 1.0 = 12.0 m o o 





5.13-a 

5-13 An unconfined aquifer is situated above an impervious base and 

is composed of sand with a coefficient of permeability k equal to 

(0.15)10 m/sec. Two fully penetrating ditches.separate in this 

aquifer a strip of land of constant width equal to 1800 m. The water 

level in the ditches is constant at 12 m above the impervious base. 

Due to recharge by rainfall the water table in the centre of the 

strip of land is higher by an amount of 3.2 m. 

In the strip of land, at a distance of 600 m parallel to one of 

the ditches, a line of fully penetrating wells is constructed. The 

wells have outside diameters of 0.30 m, are set at constant intervals 
—3 3 

b of 100 m and are pumped at a capacity Q of (2.0)10 m/sec each. 

What is the drawdown at the well face and what is the remaining 

ground-water outflow to both ditches? 

With the notations of the figure 

at the right, the equations of flow 

become 

q = -kh — 
dx Darcy 

continuity q = Px 

combined hdh = - — xdx 
k 

2 P 2 integrated h = - — x + C 

r 1 in 1 1 

W»i2m . 

J. /.-goow «L- » 

Substitution of the boundary conditions 

x = 0, h = h =15-2mj x = L = 900 m, h = H = 12 m 

—3 
gives with k = (0.15)10 m/sec 

05.2T = C or C = 231 

(12)' 
(0.15)10 -3 

(900)2 + C P = (I6.l)l0"9m/sec 
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substi tuted 

h = -
(16.1)10 9 2 

J • x + 231 
(0.15)10 -3 ° r h' = 231 " fe)2 

At the proposed line of wells, x = 300 m, giving as water table 

elevation before pumping 

2 ^00 2 
h = 231 - (^7) = 231 - 10 = 221 or h = 1U.9 m w 96.5 w 

When provisionally the line 

of wells is replaced by a gallery 

with the same capacity per lineal 

meter 

_ % _ (2.0)10~3 
qo = b 100 

6 ^ 
a = (20)10 m /m'/sec 

the equations of flow for both the 

strips B - A and B - C read 

Darcy q = - kh — A 
dx 

continuity -7^ = P, 
dx 

P "1 
combined hdh = - — x dx - :— dx 

k k 

+ ^,u2 P 2 1 integrated h = - — x - — — x + C„ k k 2 

integrated q = Px + C 

C. 

Substitution of the boundary conditions yields 

strip B - A 

x = 0, h = h h 2 = c, 
r 2 

-9 
x =600,h = 12 : 1UU = (16-|)1° . (600)2 -

(0.15)10 -3 

2C. 

(0.15)10 
73(600)+C2 
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6 2 6 
from which f o l l o w s C. = ( 0 . 1 2 5 ) 1 0 ~ h - ( 2 2 . 8 ) 1 0 * and 

1 r 

<l = ( 1 6 . 1 ) 1 0 ~ 9 X + ( 0 . 1 2 5 ) 1 0 h 2 - ( 2 2 . 8 ) 1 0 

s t r i p B - C 

x = 0 , h = h : h 2 = C 
—9 2C 

x = 1200, h = 12 1UU = ( 1 6 - 1 ) 1 ° ( 1 2 0 0 ) 2 - - r (1200) + C 
( 0 . 1 5 ) 1 0 _ : S ( 0 . 1 5 ) 1 0 

from which f o l l o w s C. = ( 0 . 0 6 3 ) 1 0 h 2 - ( 1 8 . 7 ) 1 0 and 
1 r 

q„ - (16.1)10~9 x + (0.063)10-6 h 2 - (18.7)10~6 
^ r 

At point B, x = 0 the groundwater flows equal 

q1A - (0.125)10
-6 h 2 - (22.8)10-6 

i u r 

q^ = (0.063)10"6 hr
2 - (18.7)10-6 

-6 
Together they must equal the abstraction q = (20)10~ or 

-(20) 10"6 = (0.l88)l0"^h 2 - (U1.5)10"6 

r 

h 2 - 115, h = 10.7 m r r 

The average drawdown in the line of wells thus equals 

s' = h - h = 1U.9 - 10.7 = ^.2 m o w r 

At the face of the well, the drawdown is larger by an amount 

AS. - A - m £ - . (2>0)1°1 in W^T-T -°'20 mi06 
o 2 u k H 27Tro 2TT(0.15)10-3(10.7) 27r(0'15) 

As = 0.9 m o 
giving as total drawdown at the well face 
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s = k.2 + 0.9 = 5.1 m 

The outflow in the ditches equal the groundwater flows at x = 600 m and 

x = 1200 m respectively 

A: (̂  = (16.1)10~9(600) + (0.125)10"6(10.T)2 - (22.8)10~6 

q1 = (9.7)10
-6 + (1U.3)10-6 - (22.8)10"6 = (1.2)10~6 m3/m'/sec 

C: q2 = (16-1)10"
9(1200) + (0.063)10_6(10.T)2 - (18.7)10~6 

,-6 >-6 q^ = (19.3)10" + (7.2)10 - (18.7)10 = (7.8)10~° ni/m'/sec " 6 „3, . 

The calculations made above are quite complicated and a computational 

error will thus easily slip in. A check may be had by neglecting rain

fall and assuming the coefficient of 

transmissibility constant at 

kH = (0.15)10"3(12) = (1.8)10~3 m2/ 

The rate of flows thus become 

sec 
u ej0 » (2o") 10" rfm'/sac 

*01 

s 

= ( 1 . 8 ) 1 0 " 3 T ^ = (3)10-6 s' 600 

* 0 2 = ( 1 - 8 > 1 0 ~ 3 7 2 § 0 = ( l - 5 ) l 0 " 6 s o 

Together they equal q or 

6 -6 
(20)10" = (1*.5) 10~ s* , s' = k.k, in close agreement with 

the value of k.2 m calculated above. The rates of flow now equal 

qQ1 = (3)^0~6(k.k) = (13.3)10-6 m3/m'/sec 

q ^ = (1.5)10~6(U.10 = (6.7)10"6 m3/m'/sec 

Before pumping, the recharge by rainfall flows out equally to both 

ditches, giving at each ditch an outflow 



q = P.L = (16.1)10"^(900) = (11».5)10 nT/m'/sec 

Superposition gives as remaining outflows 

A: q = (11+.5)10~6 - (13.3)10~6 = (1 .2) 10~6 m3/m'/sec 

C: q = (1U.5)10-6 - (6.7)10-6 = (7.8)10"6 m3/m'/sec 

in complete agreement with the original calculations. 





5.1U-a 

1U An unconfined aquifer is situated atiove an impervious base and 

bounded by a fully penetrating ditch. From the aquifer groundwater flows 
•3 

out into this ditch in an amount q m /m'/sec. Parallel to the ditch a 

line of fully penetrating wells at constant intervals b is constructed. 

All wells are pumped at equal capacities Q = (0.9)b q . 

What is the minimum distance between the ditch and the line of 

wells to prevent, water from the ditch to enter the aquifer? 

When prior to pumping groundwater 

is at rest, the water table elevation 

during pumping is given by the equation 

2 2 _ ^o cosh 2TT(X + L ) / b - cos 2uy/b 
2trk cosh 2TT(X - L ) / b - cos 2iry/b 

The s lope of the groundwater t a b l e perpen

d i c u l a r t o t h e c o a s t l i n e can be found by 

d i f f e r e n t i a t i o n t o x 

Q. 
-2hdh = {' 

s inh 2TT(X + L)/b 
kb cosh 2TT(X + L) /b -cos 27ry/b 

s inh 2TT(X - L) /b 
cosh 2TT(X - L) /b - cos 2iry/b 

} dx 

A,t t he c o a s t l i n e x = 0, tfeis fs'gmula sim-

s inh 2TT'L/b 

p l i f ie -s t o 
2Q 

-2Hdh = 
kb cosh 2irL/b - cos 2iry/b 

dh 

dx 

The slope - — reaches its maximum value at 

y = 0 + nb Substituted 

dh _ % sinh 2TrL/b 

W&t&WXMd!^^ 

dx kHb cosh 2irL/b - 1 

The original outflow of groundwater in a 

magnitude q was accompanied by a slope 

dh 
dx 

o 
kH 
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In the combined case, no water from the ditch will enter the aquifer 

when the sum of both slopes equal zero or 

o _ o sinh 2itL/b 
kH = kHb cosh 2uL/b - 1 

With 

Q = n q b and 
o o 

s inh 27rL/b = — {e - e } = — lot - —} 

. „ T ,. 1 , 27rL/b _, -27rL/b, 1 , -1, cosh 2TrL/b = — {e + e } = — la + —} 

this requirement may be simplified to 

1 
a - — 

, _ a 
1 = n or 

a + - - 2 
a 

(1 - n ) a 2 - 2a + (1 + n) = 0 

a = 2(1 

and as r e a l s o l u t i o n 

r 7 T ± 2 ( T T - ^ A - 1 , < 1 - n ) < , + n ) ' = Tr^:>, 

2uL/b 1 + n _ _ _ _ 
a = e = For n = 0.9 1 - n 

2uL/b = K l = = 2.95 L = 2.95b = 
e 0.1 y ^ 2u 
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5.15 An unconfined aauifer of infinite extent has a coefficient of 

transmissibility kE equal to (tU)lO~ m
2/sec and is situated above a semi-

6 
pervious layer with a resistance c of (26)10 sec against vertical water 

movement. Below this semi-pervious layer artesian water with a constant 

and uniform level is present. 

In the unconfined aquifer a circular "battery of 6 fully penetrating 

wells is constructed. The wells are situated on a circle with a diameter 

of 180 m, have equal intervals, outside diameters of 0.3 m and are 
—3 3 

pumped at a constant capacity of (5.5)10 m /sec each. 

What is the lowering of the phreatic watertable in the centre of 

the battery and at the face of the wells? How much artesian water will 

percolate upward over the area of the battery as a result of well 

pumping? 

The drawdown due to pumping 

a single well in an unconfined aquifer 

above a semi-pervious layer equals 

s = 2irkH ovX 
K (f) with X = /kHc 

This gives as drawdown in the centre of 

the battery 

6Q 
c 

Jc ~ 2TrkH "*o VX' s„ = ̂ H F K (£) X = /(1U)10~3(26)106 = 603 m 

s = (6?(.?-??10 K ( |2 - ) = 0.3T5 K (0.1U9) - (0.375)(2.0U) = 0.77 m 
C 2ir(U0l<f3 o 603 o 

and at the well face 

O „ / 0 \ , O s = TJ^ K (r±) + K (f ) + T-fe K ( # ) + - g - K (1^) 
o 2irkH o VX 2irkH o VX' 2irkH o ' X ' 2iTkH 0 'X 

J* 

With for Y small 

K (f) = ln l^ i 
o x r 
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_ _ 0.375 . (1 .123)(603) , 0-375 TC , 90^ , 0-375 ,, ( 9 0 ^ , 0.375 Tr ,180, 
s o ~ 6 l n 0.15 3 o l 6 0 3 j + 3 Ko ( 6 0 3 ) + 6 K o ( 6 0 3 } 

g = 0^|75_ { l n U 5 0 2 + K ( 0 . 2 9 9 ) } + 0 i | I i {K ( 0 . ^ 9 ) + K (0 .259)} 
o b o 3 o o 

s = ^ p - (8.U1 + 1.38) + ^ p - (2.0U + 1.51) = 0.61 + O.UU = 1.05 m 
o b 3 

The average drawdown s' in the circular line of wells is the drawdown s at 

the well face minus the influence As of point abstraction 
o 

QQ b 

As = . . TT ln — with b as interval between the wells 
o 2ukH 2irr 

o 

s* = s - As = 1.05 - 0.28 = 0.77 m o o 

This drawdown is the same as the drawdown s in the centre of the battery, 

meaning that over the full area of the battery the drawdown will have this 

value. The upward percolation of artesian water thus equals 

Q = TjP
2 5l = TT(90)2 °'TT. = (0.75)10-3 m3/sec 

(26)106 
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5.16 A horizontal semi-pervious layer separates a confined and an uncon-

fined aquifer, both of infinite extent. The piezometric level of the 

aquifers is constant, reaching in the unconfined aquifer to 15 1 and 

in the confined aquifer to 13-U m above the top of the semi-pervious 

layer. The unconfined aquifer has a coefficient of permeability k equal 

to (0.U5)10 m/sec and is recharged by rainfall P in an amount of 
-9 

(18)10 m/sec. The confined aquifer has a very great depth and con
sists of coarse sand/fine gravel. 

In the unconfined aquifer 5 fully penetrating veils are construc

ted in a straight line, at constant intervals of 60 m. The veil screens 

have diameters of O.U m and extend from the top of the semi-pervious 

layer 7 m upvard. The veils are pumped at constant rates Q of (8)10 

3 ° 
m /sec each. 

What is the maximum dravdovn at the veil face? 

P 

-3 

In the case under consideration, 

the artesian vater table may be con

sidered constant, giving as dravdovn-

distance relationship for a fully 

penetrating veil in the unconfined °2t^"t£ 

aquifer 

Q o 

H H Ko(I) 

X = 

vith 

r. 'c and for •? small 

phreafcle. ' ioaW t a U c 

phrtatia txitar- tabla 
du^/ng pumpina " 

vsw/mm 

K (f) = in U | ^ o A r 

The maximum dravdovn occurs at the 

face of the centre v e i l . Using the 

method of superposi t ion, t h i s drav

dovn equals 

s = J^ { l a U23X + (b_ ( | b ) } 
o 27rkH r o X o X 

o 

To determine the resistance c of the 

semi-pervious layer against vertical 

• 'o-r. 120 m 

b - So m 

- . I rtt„o.2.no 
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water movement, it is considered that with a horizontal water table 

in the unconfined aquifer, the full recharge by rainfall must penetrate 

downward to the artesian aquifer (of great transmissivity) below. The 

accompanying loss of head equals the difference in piezometric level, 

thus 

A = Pc = H - <j> or 

( 1 8 ) 1 0 " 9 C = 15 - 13.U c = U6
 n = (89)10 6 s ec . This g ives 

(18)10" 9 

A = Z(0.U5)10"3 ( 15 ) (89)10 6 = 775 m 

s = 
(MICT3

 ( l n ( L 1 2 3 K 7 7 5 ) + 2 K ( g _ ) + 2 K ( i | | ) } 

° 2ir(0.U5)10-3 (15) °'2 ° 7 T 5 ° 7 7 5 

s = 0.189 {In U350 + 2K (0.077*0 + 2K (0 .155)} 
o 0 0 

S Q = 0.189 (8 .38 + 2(2 .68) + 2(2 .00)} = (0.189)(17.7U) = 3.36 m 

In reality, however, the well only partially penetrates the aquifer, 

giving rise to an additional drawdown 

Q . (l-p)h h h 
A o 1-p , w ... w w 
As = — & In — , with p = -— = 
o 27rkH p 2r * h H - s 

o 0 0 

P = 15 -73.36 = 7 K 6 X = °-60 

Aso = (0-l89) 0^0 ln bTU = °'25 m 

The maximum drawdown at the face of the partially penetrating well 

thus becomes 

s' = s + As = 3.36 + 0.25 = 3.6 m 
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17 An unconfined aquifer of infinite extent has a coefficient of 

2 

transmissibility kH equal to 0.01 m /sec and is situated above a semi-

pervious layer with a resistance c of (36)10 sec against vertical 

water movement. Below this less pervious layer artesian water is 

present at a constant and uniform level. For the construction of a 

building pit with a size of 80 x 80 m, a lowering of the phreatic 

water table is necessary. This will be accomplished by setting k 

wells, one at each corner of the pit and pumping these wells at equal 

capacities. 

What is the minimum amount of groundwater abstraction necessary 

to assure that over the full area of the pit the lowering of the 

phreatic water table is at least 3 m. 

The drawdown accompanying the 

flow of groundwater to a well in an 

unconfined aquifer above a semi-

pervious layer is given by 

Q 
s = '° K (f) with 

2iTkH o X' 

•V^V 

O<?o 

80m-

-»- o v 

( 0 . 0 1 ) ( 3 6 ) 1 0 = 600 m 

B. 

-80m 

o Po 

A 

For — < Q-.V& or r < 100 m the drawdown formula may be replaced by 

5 "iW1* 
Q. i„. vm, \ _ 

r " 2*lH 

io , &rk 
In — — 

This gives as drawdown in points A and B 

SA " 2ifkH 

-A. 
SB 2irkH 

In 

In 

( 6 7 ^ 

(Uov/?)1 

U 

Q. 
9.91 

2itkH 

(Uor(UO\/?)' 
• 9.69 

Q. 

2^kH 

The drawdown i s lowest in p o i n t B, g iv ing as requirement 

!+Q = ( 7 7 . 8 ) 1 0 - 3 m 3 / sec - (280) m3 /hour 
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5.18 A semi-infinite unconfined aquifer is situated above a horizontal 

impervious base and is bounded by a fully penetrating ditch, while 

at a distance of 3000 m parallel to the ditch a water divide is pre

sent. The water level in the ditch is constant at 15 m above the base> 

while due to recharge by rainfall P in an amount of (18)10 m/sec 

the water table at the water divide rises to 20 m above the base. 

At a distance of 500 m parallel to the ditch a line of fully 

penetrating wells is constructed, consisting of 9 units with outer 

diameters of 0.U m, at intervals of 200 m. The wells are pumped at 
-3 3 constant rates Q of (15)10 m /sec each. o 

Calculate the lowest water level in the line of wells when it 

may be assumed that the position of the water divide relative to the 

ditch remains unchanged. 

To calculate the 

unknown value of the 

coefficient of permea

bility k, the flow 

pattern shown at the 

right must first be 

analysed 

Darcy q =-.kh 
dhi 

dx 

r 
15m 

1 

1 I I 
»* 

* ' . . * • * -

P.(18)10'9m/s - . 

\ 1 \ I \ ? 
" 1 ' " * ' ' 

' ' • ' " • . ' " * " 

' ' ' • ' - • . • 

•' . .' • • 

. 1 

20m 

• ' - > 

3000 m 

continuity 

combined 

integrated 

-£• = P or q.=- Px + C. 
dx 1 

P % 
hdih = - — xdx- - -j— dx 

2 P 2 
2C 

Substitution of the boundary condition gives 

x = 0, h = 15 m, 225 = C„ 

x = 3000 m, h = 20 m, U00 2^.6ooo-^.c2 

x = 3000 m, q = 0 0 = (54)10 + C, 

or C = -(5*010 , C2 = 225 and 

U o o . - ^ + SJ2U + 225.> ^ = 175 
& K. >;

> K. 

k = SL^. = (0.926)10"3 m/sec 



At the site of the future line of wells (x = 500 m), the water 

elevation follows from 

' <h;'2 * " ,''8'I°.'-3 (500)2 * ?;'^i:0-3 <5°0) * *& 
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table 

(0.926)10" (0.926)10" 

[h'Q) = - U.86 + 58.32 + 225 = 278.U6 h^ = 16.69 m 

To calculate the drawdown 

due to pumping the line 

of wells, this line is first 

replaced by a fully penetra

ting gallery of infinite 

length with as capacity 

, - 3 _ Q _ (15)10" 
" " ~ 200 

= (75)10 m 3 /m ' / sec 

qo b 200 

I [ I I I \ 

The total recharge by rainfall amounts to 

P.L = (18)10"9(3000) = (5M10"6 m3/m7sec 

requiring an inflow of water from the bounding ditch with as magni

tude 

qy = (75)10~6 - (5U)10*6 = (21)10"6 m3/m*/sec 

The equations of flow remains the same as derived above 

q = Px + C 
2C 

h " k X "IT X + C2 
but the boundary conditions are different 

x » 0 , q = q^ = (21)10"6 = (̂  or C = (21)10~6 

x = 0 , h = 15 m 225 = C2 or C2 = 225 

This gives for x = 500 m 

(0.926)10 
"2 - - ( 1 6?!°_, (5O0)2 - !2H21i!4 (500) t 225 

(0.926)10 

hQ = - U.86 - 22.68 + 225 = 197.46 , hQ = 1U.05 m 

and as drawdown 

= h" - h = 16.69 - 1U.OS = P.6U 
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The line of wells has only a limited length, reducing the drawdown 

to 

s = 3s' with for the centre well 
o o 

'-M^ftW-V0-**'"0-6" 

to 

s = (0.697)(2.6U) = 1.81* m and augmenting the water table depth 

h » 1U.05 + (2.6U _ 1.8U) = 1U.85 m 
00 

Due to point abstraction, the drawdown at the face of the well is 

larger by 

Qo ,n b (15)10"3 . 200 _ . AR 

*•. " 5B ta 2,ro 2 , ( 0 . 9 2 6 ) 1 0 - 3 ( I 4 . 3 5 )
 ln aVIo^T " °'88 " 

giving as f ina l t ab l e elevation at the well face 

h = 1U.85 - 0.88 = 13.9T m 
0 0 0 
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5.19 An unconfined aquifer has a coefficient of permeability k equal 

to (0.3)10 m/sec and is situated above an impervious base. To the 

left the aquifer is bounded by a fully penetrating ditch, to the 

right it extends to infinity. The water level in the ditch is con

stant at 25 m above the impervious base. 

At a distance of 150 m from the ditch, a line of 5 fully pene

trating wells at intervals of 80 m and outside diameters of 0.U m 

is constructed. From each well groundwater in an amount 

Q = (12)10 m/sec is abstracted, o 

What is the maximum lowering of the ground-water table at the well 

face? At what distance from the shoreline is the lowering of the 

groundwater table less than 0.05 m? 

-Qo--< 

The maximum lowering of 

the groundwater table will 

occur at the face of the 

centre well. Using the 

method of images, the 

remaining water table depth 

h is given by 

2 2 Qn 
H 2 - h

2 = -2. 
o irk In — 

(25)
2.^=JiaU£Lan 32| ( ! l n m j , 8 

7T(O.3)10 3 °'2 8 0 

1n 3.Up,p. 

625 - bf = 1U6.8U o br = U78.16 
0 

h = 21.87 o and 

s = H - h Q = 25 - 21.87 = 3.13 m 

When the drawdown of 0.05 m occurs at a distance x from the shoreline, 

the distance between this point and the real wells equals x - 150 m 

and the distance to the image wells x + 150 m. This gives 

,-3 
(25)' (2U.95) = 5 

x = 150 

(12)10 

ir(0.3)10" 

0U0 H 

.. x + 150 x +150 , n] . -T In —r— , /• = 1. OuO and •3 x - 150 ' x - 150 

1.01*0 1 
= 7650 m 

This distance is so large, that indeed the abstraction by the line of 

wells may be concentrated in the centre. 
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21 An unconfined aquifer of infinite extent has a coefficient of 
-3 2 transmissibility kH equal to (U)10 m /sec, a specific yield y of 

25% and is situated above an impervious base. In this aquifer an 

infinite line of fully penetrating wells is constructed. The wells 

have external diameters of 0.3 m, are set at intervals b of 100 m 
-3 3 and are pumped at a constant rate Q^of (6)10 m /sec. 

What is the drawdown at the well face after 100 days of pumping 

and what is the drawdown at 200 m from the line of wells at this 

moment ? a a« 

When provisionally the line of 

wells is replaced by a gallery with 

the same capacity per lineal meter 

2q »-£ 
o b 

<x*%>yw>wvv* *y XXXAWVXV 
the drawdown equals 

s = 
o 

2 ^ 1 Q 
o 1 jr _ o 

7 7 " /pkH' ~ /irb /ukH' 

/t 

s = s E_ with E_ a function of 
o 3 3 

- 1 /ETX 

u" 2 VklTT 
After t = 100 days = (8.6*010 sec, the drawdowns become 

. . (6>io~3 / ( 8 . W ° 6 , ._ „ 
S ° ' ^ T / ( o . a 5 , W i o - 3 - 3 - , 5 m 

At x =200 m 

• , / ^ ? T .20° , = 0.270, E.(0.2T0) = 0.59U 
V (h)W~5 /(8.6U)lOb ^ 

u.iA^a 

s = (3.15)(0.59U) = 1.9 m 

Replacing the gallery by a line of wells gives an additional drawdown 

at the well face 
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As = A^* = (6) io-3
 l n igcr a 0.239 m 106 or 

o 2*kH 2nrQ ^ j , ) ^ 2ir(0.15) 

As = 1.11 i Together 
o 

o o o 
+ As = 3 . 1 5 + 1 . 1 1 = U . 3 m 
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22 A semi-infinite unconfined aquifer is situated above an impervious 

base and bounded by a fully penetrating ditch. The coefficient of trans-

missibility kH below water table amounts to (8)10 m /sec the specific 

yield u to 30$. In the aquifer 3 fully penetrating wells are set at 

intervals of 60 m in a line at a distance of 200 m parallel to the 

ditch. The wells have outside diameters of 0.6 m and are pumped for a 
—3 3 period of 50 days at a constant rate of (12)10 m /sec each. 

What is the maximum drawdown at the well face at the end of the 

pumping period? 

The unsteady drawdown due to pumping 

a single well in a semi-infinite uncon

fined aquifer above an impervious base 

equals 

s = 5^<K(U,
2)- M(U 2

2)> via, tr'fe** 
2 _u_ 1 

U = i 
1 UkH t u„ UkH t 

^ v 
After 50 days = (U.32)10 sec 

2 
u = 0.3 

(U)(8)10-3 (U.32)106 (0.U6)106 

The maximum drawdown occurs at the face of 

the centre well. Using the method of super

position this drawdown becomes 

j ~ - L - ~ L 

r . ' : . • • ' • 

o •:-

> 

o l 

so 
= j i i ) io2 { w f_ i^)L|+ 2 W 

M S ^ o " - 3 l(o.U6)ioDJ 

f(6or 
Ko. U6) 1 oc 

-w 
' (U00) 

(0.U6) y-
2W 

f ( 6o r+ (Uoor 

Ko.U6)io6 
} 

= 0.119 (W ( 1 . 9 5 ) 1 0 - T | + 2W , -3 -W (3.U8)10 
- 1 

s = 

(7-82)10" 

- 2W ( 3 . 5 6 ) 1 0 " 1 ] } 

0.119 OU.86 + 2(U.28) - 0.80 - 2 ( 0 . 7 8 ) } = ( 0 . 1 1 9 ) ( 2 1 . 0 6 ) » 2.5 





5.23-a 

5-23 An unconfined aquifer of infinite extent is situated above an 

impervious base. The aquifer consists of fractured limestone with a 
—3 2 coefficient of transmissibility kH of (8)10 m /sec below water table 

and a specific yield y of *j%. Due to absence of recharge the ground

water table is horizontal. In the unconfined aquifer two fully pene

trating wells are constructed at an interval of 1000 m. One well has 
—3 3 a diameter of 0.3 m and a capacity of (25)10 m /sec, the other well 
—3 3 a diameter of 0.6 m and a capacity of (50)10 m /sec. Starting at 

t = 0, both wells are pumped during a period of 30 days. 

What is the drawdown at the face of each well and halfway between 

the two wells at the end of the pumping period? How much time must 

elapse before the drawdown halfway the two wells has decreased to 

0.1 m ? 

The drawdown due to pumping a 

single well in an unconfined aquifer 

of infinite extent is given by 

Q. 
s = 

2 u = 

0 W(u2) with 
UTTICH 

Ab6c>6?hM>b66<y^^ 

UkH t 
iL 

The drawdown caused by pumping the wells A and B can be found with 

the method of superposition 

Q. i 
3 = km W(ua ] + U W H W ( ub }' ^ gives at 

t = 30 days = (2.59)10 sec 

well face A: 

,2 
2 _ "•°? ( ° - ' 5 V O ^ ) ' " - 8 »<>t>2= 1T.5I. 

(M(8)10 (2-59)10 

%2* 
0.05 (1000)' 

(IO(8)10~3 (2.59)106 
= o.6o W(ub )= 0.h5h 

•>-J l , _ / Q \ m " J M8)10" W(8)10 



5.23-b 

s, = (0.2U9)(17.5U) + (O.U98KO.U5U) = U.37 + 0.23 = U.6 m 
A 

well face B: 

u 
2 0,01_ (lOOO)2 . n <>n „,„ 2, 

A (U)(8)10~3 (2.59)106 
= 0.60 W(u ) = 0.^5^ 

a 

halfway 

2 „ 0.0? (0.3)2
 = ( 5. U 3 ) l 0-8 tf( 2, = 16>15 

^ (U)(8)10"J (2.59)10D ° 

s,, = (0.2U9)(0.U5U) + (O.U98)(l6.15) = 0.11 + 8.05 = 8.2 m 
B 

2 0.05 (500)2 _ 1C ../ 2, . ,_. u = <• r- c
 T- =0.15 W(u ) = 1.U65 

(U)(8)l0_:i (2.59)!0b 

s = (0.2U9)(1.U65) + (O.U98)(1.U65) » (0.7^7)(1.U65) = 1.1 m 

Stopping the abstraction at the end of the pumping period must mathe

matically be obtained by superimposing a recharge of the same magni

tude. When the time t is measured from the moment pumping starts and 

the duration of the pumping period is called T (equal to 30 days or 

(2.59)10 sec) the drawdown in point C now equals 

sn = (0.71*7) W (u. 2) - (0.7U7) W (u? ) 

Before the drawdown has receded to 0.1 m, much time will have elapsed. 

The values of ue 

approximated by 

2 
The values of u are than so small that the formula above may be 

2 

s„ = (0.7U7) In ^j& . (0t7U7) ln 0^62 a 0>7l+7 ln ^ x 
ut ut-t ut 

2 u r With u = -r~r -— this formula simplifies to 

sc = 0.7U7 in £ • 

A value s = 0.1 m consequently requires 



5.23-c 

In ~ - = 0.13U, -r~ = 1.1U3, t = 8T, t-x = 7T 
t-T t-T 

After pumping has stopped, (7)(30) or 210 days must elapse before 

the drawdown halfway both wells has decreased to 0.1 m. 





5.2U-a 

5.2U An unconfined aquifer has a coefficient of transmissibility kH 

equal to 0.02 m /sec and a specific yield u of 30? and is situated 

above an impervious base. In this aquifer a ditch is constructed 

from which water is abstracted according to the following pattern 

t < 0 

0 <---t < 10 days 

10 < t < 20 days 

20 < t 

q = 0 

q = (0.8)10~3 m3/m7sec 

q = (1.2)10"3 m3/m"/sec 

q = 0 

What is the lowering of the groundwater table at a distance of 

60 m from the ditch at t = 50 days? > oq 

For the situation 

sketched in the figure 

at the right, the draw

down is given by 

X = 0 S = 
O 1 

o \/T \JWR 
N/tT 

x = x s = s E_ with E„ a function of the parameter 
o 3 3 * 

»-*̂ T-kH yJT 

These formula hold true for a constant abstraction, 

starting at t = 0 and there-

a$$eg? .'ŝ ntinuing indefinitely. 

To' apfly these formula for the 

case under consideration, 

superposition is necessary as 

indicated in the diagram on 

the right. 

With the data supplied 

s - (7.28)(2q )\ft 
o o 

u = 
116.2 

and 

= (U.320)10 sec t = 50 days 

t = (50 - 10) days = (3.1*56)10 sec 

t = (50 - 20) days = (2.592)10 ' sec 

the drawdown at x = 60 m, t = 50 days becomes 



5. 2U-b 

s = (7 .28 ) (0 .8 ) lO" 3 V/ ( i r320 ) l0 6 E-( , U6'2 J + 
3 \ / U . 3 2 Q ) l O b 

+ ( 7 . 2 8 ) ( 0 , U ) 1 0 ~ 3 \ / ( 3 - ^ 6 ) 1 0 6 ' E . ( , 1 1 6 - 2 -0 -
V 3 \ / ( 3 . U 5 6 ) l O b 

- ( 7 . 2 8 ) ( 1 . 2 ) 1 0 ~ 3 \ / ( 2 ^ 9 2 ) 1 0 6 ' E - ( , 1 l 6 > 2 -0 
V 3 \ / ( 2 . 5 9 2 ) l O b . 

s = 12.10 E (0.0559) + (5-^1)E (0.0625) - (1U.06)E (0 . J22) 

Talking t h e va lues of E_ from Groundwater Recovery, page U2, g ives 

s = (12.10)(0.90U1) + (5 -^1X0.8931 ) - (11* .06) (0.8773) 

s = io .gk + U.83 - 12.33 = 3-i+U- m 



6,01-a 

6.01 An artesian aquifer has a thickness 10af 

of 15 a and is composed of sand, the 

extreme grain size distributions of 

vhich are shown in the diagram at the 

right. In this aquifer a veil must 

he constructed for a capacity Q 

of (12)10"3 m3/sec. 

Sketch the well construction 

to be applied and calculate all 

necessary dimensions. 

With regard to the small 

aquifer depth and the fine 

grainsize distribution of the 

aquifer material, a fully 

penetrating artificially 

gravel-packed veil must be 

applied, as sketched in the 

picture at the right. With 

kQ% of the finest aquifer 

material smaller than 

(0.2U)10 m, the maximum 

allowable entrance velocity 

according to Gross equals 

S 1 W * 

8a. 

60 . 

•S 
VI 

.1 

"1 

i 
/ 
' 

0.9 
groin iiscx 

Zmm 

v = (2)(0.2U)10 a 
-3 

or 

v = (0.U8)10 a 
-3 m/sec '?/////>'/'///>/ 

The outer diameter of the gravel pack now follows from 

<L = 

r = 

2-KV h v 
o w a 

2iTh v v a 

(12) 10" 

2ir(lU)(0.U8)10' -3 
= 0.28U m, rounded of 

= 0 .3 m, 2r = 0.6 m 



6.01-b 

With a double gravel treatment, each layer 0.07 m thick, the inner 

diameter becomes 

2r. = 0.6 - (U)(0.0T) = 0.32 m, giving as maximum velocity 

of upward flow inside the screen 

_ Qo _ (12)10~3 _ n „ 
V m a x - — T " n , , , 2 = 0' 1 5 m 

7rr. ir(0.1o) 

This velocity is so small that the inner diameter may be reduced to 

0.25 m, increasing the thickness of the gravel layers to nearly 9 cm 

each and augmenting the maximum velocity of upward water movement 

to only 

v - (12)10"3
P = 0.2U m/sec. 

m a X TT(0.125)2 

As regards the composition of the gravel pack, the lower limit of the 

outer layer should have a size not exceeding h times the 85% diameter 

of the finest aquifer material or 

(M(0.38) = 1-52 mm 

and the upper layer not more than a factor v2 = 1.1+1 coarser or 

(1.U1)(1.52) = 2.1U mm 

As commercially available material, the size 1.4 - 2 mm will be chosen. 

The inner layer is again a factor k coarser or 5-6 - 8 mm allowing 

slot openings of 2 mm. 



7.01 

7.01 In a confined aquifer of large extent, a test well is pumped 
-3 3 

at a constant rate Q of (8)10 m /sec. The steady - state draw
down is measured with the help of piezometers at 20 and 60 m from 
the testwell and amounts to 1.05 and 0.72 m respectively. 

What is the coefficient of transmissibility of the aquifer con

cerned? 

According to Thiem's formula, the difference in drawdown between 

two points at distances of r. and r? from the well centre equals 

Qo , r2 
S1 ~ s2 " 5 5 ̂  7^ 

From this formula follows as coefficient of transmissibility 

Q r p 
kH = _ r ° r In -=• 

2TT(S1 - s 2 ) r1 

Substitution of the data gives 

>w - (8)10~3 . 60 _ (8)10~3 (1.10) _ ,, . -3 2,an 
M " 2W1.05 - 0.72) ^ 20 " 2TT(0.33)

 ( U , 2 ) 1 ° m / S 6 C 





7.02-a 

7.02 A leaky artesian aquifer is situated above an impervious base 

and topped by a semi-pervious layer, above which phreatic water at a 

constant level is present. In the aquifer a testwell is constructed 

and pumped at a constant rate Q of (17)10 m /sec. The resulting 

steady -state drawdown s of the artesian water table is measured at 

various distances r from the centre of the pumped well: 

r = 50 

s = 0.85 

100 

0.58 

200 

0.3U 

300 

0.22 

i+oo 

0.1U 

500 

0.10 

700 m 

0.05 m 

What are the values of the geo-hydrological constants for this forma

tion? 

1.0 m-

0.1 
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7.02-b 

With a leaky artesian aquifer the drawdown s as function of the 

distance r is given by 

Q 

In the accompanying diagram with logarithmic divisions on both axis, 

the drawdown s is plotted against the distance r, while the Bessel-

function K (y) is indicated with a dotted line. To cover the plotted 

points as well as possible, the dotted line must be moved upwards and 

sideways, so that point A arrives in point B. The coordinates of both 

points 

A: £ = 2.1 K (£) = 0.1 
A O A 

B: r = 760 a. s = 0.0U m 

must now correspond, giving as relations 

2 ~ =2.1 or X = 36O m 

A 

0.0U = (-l }w • (O.D or kH = (6.8)10'3 m2/sec 

^ e , * f , (360)2 ( l 9 ) l 0 6 s e c 

** (6.8)10'^ 



7.11-a 

7.11 A semi-infinite unconfined aquifer has a saturated thickness of 

15m, is situated above an impervious base and bounded by a ditch. In 

a line perpendicular to the ditch a well and two piezometers are con

structed. The well is situated at U00 m from the ditch, while the 

piezometers are at distances r of 20 m and 50 m more inland. The well 
-3 3 is pumped at a constant rate Q of (30) 10 m /sec. After reaching 

steady-state conditions the drawdown s in the piezometers amounts to 

2.20 m and 1.67 m respectively. 

What is the coefficient of permeability of the unconfined aquifer? 

For an unconfined aquifer above an impervious base, the general 

well formula reads 

,2 2 . V R 
H -h = —- In — 

irk r 

Assuming that R has the same value for both piezometers gives 

. 2 . 2 _ Qo . r2 
h0 -h. = —— In — 
2 1 i;k r With 

h1 = 15 

(13.33)2-(12.80)2 

2.20 = 12.80 

(30)10~3. 50 

"TT ln 20 

and h = 15 - 1-67 = 13.33 

,-3, 
, _ (30)10 J(0.916) ( ^ i n "

3
 m/ 

k _ i(0.53)(26.13) " (0-63)10 m / sec 

A more sophisticated approach takes into 

account the variation of R with distance 

to the shoreline. Using the method of 

images 

t i 2 v , 2 - Q ° i 2 L H 

H - h = —r In 
Trk r 

and 

v, 2 v, 2 

h 2 " h 1 

Q 2L + r r 
o / 1 2v 

Irk l n (2iTTT- —) 

- Q o 
o 

• +<2 e 

o '.' 

• L 

P r o v i s i o n a l l y assuming L = U00 m gives 



7.11-b 

(is ii\2 f„«nl 2 (30)10"3 •, 820 50 (13.33) -(12.80) = ̂ - ^ Ing^-.gQ 

, _ (30)10"3(0.88) _ , ^ 1 n - 3 , 
k " ir(0.53)(26.13) " (0-6l)10 m / s e c 

The assumed value of L may be checked with the individual drawdowns 

/••,̂ 2 /.„ a M 2 (30)10~3 2L + 20 . 2L + 20 ^0n T . Qn (15) -(12.80) = — -In —rr , In — — =3.89 L= U80m 
TT(0.61)10"3 ^ 2 0 

i\*\2 do ??\2 (30)10~3 , 2L + 50 , 2L + 50 , „„ T , Qrt (15) - (13.33) = r In — — , In — = 3.00 L = U80m 
.(0.6D10-3 50 ' 50 

This gives finally 

, ^2 , 0 >2 . ( 3 0 ) 1 0 " 3
 1 u 980 50 

(13.33) - ( 1 2 . 8 0 ) - - l n T o l ^ 2 0 

, -3 
. (30)10~ J (0 .885) _ f n r,Un-3 , 
k i r (0 .53 ) (26 .13 ) " ( 0 ' 6 l ) 1 0 m / sec 

the same value as found above. 



7.12-a 

7.12 In an unconfined aquifer with a saturated thickness of 20 m 

above an impervious base, a line of fully penetrating wells runs 

at a distance of 50 m parallel to a stream. The wells have outside 

diameters of 0.6 m, an artificial gravel pack 0.15 m thick, inter-
-3 3 vals of Uo m and are pumped at constant rates of (15)10 m /sec 

each. The wells are about 15 years old, but during the last years 

a serious lowering of the water level inside the pumped wells has 

been noticed, pointing to a clogging of the well screen openings. 

According to local experience, cleaning of the well screen is pos

sible, but the cost is rather high and it is therefore doubtful 

whether this is an economic proposition. To decide this question, 

a test pumping is carried out, abstracting from one well an amount 
-3 3 of (28)10 m /sec and measuring the drawdown in the well itself 

and in the neighbouring wells 

r = 0 U0 80 120 160 200 m 

s = 6.3 0.65 0.33 0.20 0.12 0.08 m 

What is the amount of screen resistance and would cleaning 

of the well be an attractive proposition? 

Using the method of images, the 

drawdown in a well at a distance nb 

frorn̂  the pumped well equals 

s = 2iTkH 
I n 

/ ( n b ) 2 + ( 2 L ) 2 _ _% 
nb UirkH 

• '<** 

in d + ( f )2> 

This means that when s on linear scale 

is plotted against the factor 

2L 2 
a = 1 + (—) on logarithmic scale, 

a straight line will emerge, the slope of 

which is a measure for the coefficient of 

transmissibility kH. Unfortunately, however, 

the distance L is not known exactly. Indeed 

the wells are set at a distance of 50 m from the shoreline, but the 

effective distance to the constant water level in the bounding ditch 

might be larger. Two distances will therefore be assumed 

1 

id 

*^L^4 
7 •; 



7.12-b 

L = 50 .. acn = 1 . (12°/ = , • (^,2 
50 

L = T5 - *T5 " ' * <ffe> " ' * <¥*>' 
This gives 

r = Uo 

n = 1 

a
5 0

 = T* 2 5 

*75 = 15'1 

80 

2 

2.56 

U.52 

120 

3 

1.69 

2.56 

160 

U 

• 1.39 

1.88 

200 

5 

1.25 

1.56 

m 

Graphically the relation between s and a is shown in the diagram 

below, from which follows that L must be larger than 50 and smaller 

than 75 m. The dotted line has the average slope and as characteristics 

s = O.65 m, r = Uo m, n = 1, a = 10 from which follows 

> -4. 9 6 7 9 a 10 



7.12-c 

1 0 = 1 + ( § ) 2 § - 3 , L = 60m 

, r „ (28)10~3 . ,_ , TT _ (28)10~3(2.30) , T n>1 r t-3 2 , 
° ' 6 5 = uikH l n l 0 ' ^ = W(0.65) " (7.9)10 m / s e c 

and with 

H = 20 m,- k = (0.U)10 - 3 m/sec 

With these data , the drawdown at the well face follows from 

H2 . h 2 . %. l n 2L Q r ^ 2 = (28)10-3 J 2 | 
0 U k r o ° TT(0.1O10-3 ° ' 3 

h 2 = U00 - 131* = 266, hQ = 16.3 m, s = 20 - 16.3 = 3.7 m 

In reality, a drawdown inside the well of 6.3 m was measured. The 

difference of 6.3 - 3 . 7 = 2.6 m is due to 

entrance resistance 

friction losses in well screen and casing pipe 

—3 3 

With a flow of (28)10 m /sec through screen and casing pipe of 

0.3 m inner diameter, the velocity of upward wate-rmovement is only 

0.1+ m/sec and even when the interior surface is very rough, the frict

ion losses will not exceed 1 mm per m. With the.shallow well under 

consideration, these friction losses are consequently negligeable 

and the full difference of 2.6 m must be attributed to entrance re

sistance. 
-3 3 During normal operation with a capacity of (15)10 m /sec these 

entrance losses are much lower, equal to 

,s{Ll2M±}
2
 2.6 = 0.75 m 

(28)10--* 

Theoretically this increases power requirements by 



7.12-d 

p = (15)10 (0.75) = (11)10 tonmeter/sec = 0.11 kW 

and taking into account an over-all efficiency of 0.7 in reality "by 

p = ^ I i = 0 . l 6 k W 

When operating continuously, the additional annual energy consumpt

ion equals 

E = (0.16)(8760) = 1U00 kWh 

increasing the cost of operation by about $ 30 per year. This sum 

is so small, that an expensive cleaning operation is economically 

not justified. 



7.21-a 

21 In an unconfined aquifer of infinite extent,situated above an 

impervious base, a test well is pumped at a constant rate of (12)10 
3 

m /sec. The resulting drawdown of the water table is measured with 

piezometers at distances of 20 and 50 m from the well centre. After 

60 days of pumping these drawdowns are 1.65 m and 1,15 m respectively. 

What are the values of the coefficient of transmissibility kH 

and of the specific yield y for this formation? 

The unsteady drawdown due to pumping a well in an unconfined 

aquifer above an impervious base equals 

Q 2 
^o ... 2, ... 2 y r 

s = W k H w ( u }> w i t n u = nsr 
2 

When u is small, less than 0.05, a 9&% accurate approximation may 

be had with 

^o . 0.75 % , - . /ST y/t s = „ , „ In — u t = _ , „ In 1.5 \ 2irkH u 2irkH V p r 

2 
Provisionally assuming that for the observations made u is indeed 

small, the difference in drawdown in points at distances r and r? 

from the well centre becomes 

,...& , . '2 
- JMU'A In —r-S1 - S2 '.WS^^ 

1 £ C 1 -is (12) .TO" 3 . 50 

^ . (^ ) i ° : 3 fo -9 i6 ) . ( 3 > 5 ) 1 0 - 3 m2 / s e c 
2ir(0.50) 

The va lue of y fol lows from (60 days = (5-18)10 sec) 

Qo , _ . / S /t 
S 1 = o 1 rr In 1.5 1/ 

1 2irkH / p r 1 

,.65._tI2l!£L ln ,,5l/
(3-?"0"' ' / ( , ^ 0

8 ) 1 ° 6 

2 T T ( 3 . 5 ) 1 0 " 3 



7.21-b 

In ̂ = 3 . 0 2 , ^ 4 = 2 0 . 5 , U = 0.2U 

To check the validity of the approximative formule, the largest 

value of u used must be calculated 

u. 
0.2U I^oT 

2 (*0(3.5)10"3 (5.18)10 
£ = 0.0083 < 0.05 



7.22-a 

7.22 In an unconfined aquifer above an impervious base a fully 

penetrating well is pumped for 10 days at a constant rate Q of 
-3 3 ° 

(11)10 m /sec. The resulting lowering s of the phreatic water 

table is measured with piezometers at 20, 50 and 100 m from the well 

centre: 

after 

1 day 

2 days 

3 " 

5 " 

7 " 

10 " 

drawdown at distance of 

20 m 

0.U6 m 

0.62 m 

0.73 m 

0.85 m 

0.91 m 

1 .00 m 

50 m 

0.13 m 

0.22 m 

0.30 m 

0.U2 m 

0.U8 m 

O.56 m 

100 m 

0.02 m 

0.0^ m 

0.07 m 

0.15 m 

0.20 m 

0.26 m 

s20 " s50 

0.33 

o.uo 
0.U3 

0.U3 

0.U3 

o.kk 

What is the value of the coefficient of transmissibility kH and 

of the specific yield u for this formation? 

The unsteady drawdown in an unconfined aquifer above an impervi

ous base equals 

Q 
a = ° W(u2) lurkH with 

2 _ y r_ 
U " UkH t 

For the various observations, the values of — are tabulated below 

(1 day = 86UOO sec) 

after 

1 day 

2 days 

3 " 

5 " 

7 " 

10 " 

r2/t 

20 m 

(U.63)10'3 

(2.32) 

(1.5*0 

(0.926) 

(0.661) 

(O.U63) 

at distance 

50 m 

(28.9)10-3 

(1U.5) 

(9.65) 

(5-79) 

(U.13) 

(2.89) 

of 

100 m 

(116)10-3 

(57.9) 

(38.6) 

(23.2) 

(16.5) 

(11.6) 



7.22-b 

1tn •10 

W(^) 

0.01 .0.1 
10?

 ryt 100 

In the accompanying diagram with a logarithmic division on both axis 
p 

the drawdown s is plotted against the calculated values of r /t, 
2 

while the logarithmic integral W(u ) is indicated with a dotted line. 

To cover the plotted points as well as possible, the dotted line must 

be moved upward and sideways, so that point A arrives in point B. The 

coordinates of both points 

A: u = 1.5 o 
B: ~ = (70)10~3 

W(u ) = 0.1 

s = 0.025 

must now correspond, giving as relations 

0 025 = ( 1 1 ) 1 0" 3 0 1 kH = (3.5)10~3 m2/sec 

1.5 = -3 

(U)(3.5)10 
^3 (70)10 J, u = 0.30 



7.22 

The first table (page 7-22-a) shows, that the limit of s - s? 

will be about O.U5 m. 

Thiem's formula: 

QQ r2 

s1 - s0 = •• 1V, In — and substitution of this value and the data of 1 2 2irkH r. 

r. = 20 m and r. = 50 m gives: 

n u . (11) 10~3 . 50 _ (11) 1Q~3 0.916 _ ,_ ^ i n - 3 2 . 
QM ~ 27rkH l n 20 ° r M " 2TT (0. l»5) " ( 3 , 6 ) 1 ° m / S 6 C 

This result is in good accordance with the given solution. 





7-23-a 

7.23 Starting at t = 0 , a well in an unconfined sandstone aquifer is 

pumped at a constant rate of hk liters/sec In an observation well at 

a distance of 75 m the drawdown equals 

t = 100 1000 10000 minutes 

s = 0.57 1.01 1.kk m 

What are the values for the coefficient of transmissibility and for 

the specific yield of this aquifer? 

The drawdown accompanying the unsteady flow of groundwater to 

a well is given by 

Qo „, 2» ... 2 u r2 

3 = i ^ k H w ( u } w l t h u = ukH r 
2 

For u small, that is for t large, this formula may be simplified 

t 0 Q 
s = •;—— I n „• and a f t e r s u b s t i t u t i o n of t h e va lue 

Inrkfl 2 

fo r u 

3 birkH l n
 y r 2 t 

With the observations made, this gives 

(„ 0.5T-.iii^la^S!Jffl(,oo)(60) 

(2) 1.0,.ii»Milnl3sffiM(10oo)(«o) 
U , k H u(75)2 

(3, , . « , » i i ^ i l n i S a § M ( , 0 0 0 0 1 ( 6 0 ) 
" " « U(T5)2 

(2)-(3) 0.U3 = y%M^ m 10 

<"-<3) 0.8T - J S $ £ in ,00 or O.U35 . i ^ m 10 

These results are in good accordance with each other, justifying 
2 

the use of the approximate formula for W(u ). With the last equation 

the value of kH follows at 

kH = ^ ( Q ' U 3 5 )
 l n 10 = 0.0185 ni /sec = 1600 m /day 



7.23-b 

Substitution of this value in (3) gives 

1 -kk - klTolC) ln {2'25)l°f*5) doooo)(6o) 

k kh 
7.61 = In 2015 = In — or u = 0.0022 = 0.22$ 



7.2U-a 

7.2U An unconfined fractured limestone aquifer has a saturated thick

ness of about 300 m and is situated above an impervious base. In 

this aquifer an open hole is drilled with a diameter of 0.2U m. 

Starting at t = 0 water is abstracted from this hole in a constant 
3 

amount of 0.3 m /minute, giving as drawdown ^ 

t = 0 5 10 15 30 1+5 60 120 minutes 

s = 0.0 21.5 2U.0 25.5 28.0 29.5 30.5 33.0 m 
o 

Questions 

a. what are the geo-jhydrological constants of this aquifer? 

b. what is the drawdown after 3 months of continuous pumping at the 

rate mentioned above? 

c. what is the remaining drawdown 9 months after cessation of pumping? 

The unsteady drawdown in an unconfined aquifer above an im

pervious base equals 

- - -5- W(u2) with u2 - -«- ̂ -a UTTkH " v u ' wx"" " UkH t 

2 
At the well face, r = r , u will be small, allowing as approximation 

Qo , 0.562 Qo , 2.25 kH „ 
so = ¥ ^ H ln —T = Û kH ̂  T " t 

u yr 

o 

The observation clearly show that each doubling of time increases 

the drawdown by 2.5 m. Substituted 

M a TT517 ln 2 = (1QM60) ln 2 = (°-11)10"3 m2/sec 

After 120 min * 7200 sec 

33.O = 2 ^ — - m ( 2 - 2 ^ ° - 1 1 ) 1 0 ~ 3 7200 
(4)Tr(0.1l)l0~J(60) u(0.12) 

33.0 = 3.617 In ^ ^ , l n 1 2 ^ - = 9.12U = In 9169 

" '^W^' ° ' 0 1 3 5 = U33% 

c 
After 3 months = (7.88U)10 sec the drawdown becomes 

s ,3.617 m (2-25)(0.n)l0-3 ( 7 . 8 8 U ) 1 0
6
 = 

0 (0.0135)(0.12r 

- 3.617 In (10.0U)10 = 58.3 m 
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Nine months later the remaining drawdown equals 

8 = 3.617 in
 (2-2;5)(0-11>1QI3{lO(7.88lOl06-

° (0.0135)(0.12)2 

_ln(2.25)(0.1l)l0-
3
 ( 3 ) ( 7 t 8 8 U ) l 06 

(0.0135)(0.12r 

s = 3.617 In - = 1.0U m 
o 3 

Strictly speaking, the drawdown of 58.3 m decreases the saturated 

300 

This increases the drawdown to 

2̂ 2 
thickness to 300 - 58 = 2^2 m or to — — = 0.8 of. the original value. 

so = 3 Q . 8 T l n (10.0^)10(0.8) = 71.9 m or by 23$ 

and so on, and so on. By trial and error 

H - s p ? s 

so = ? 5 m -r^ = U-°^ 
So = ^57ff l n (10.0U)106(0.75) = 76.h m 

s = 80 m 9 . = - 2 2 0 = 0 7 3 3 

0 u w H 300 , J J 

So = "otfii i n ( l 0 - ° ^ 1 ° 6 ( 0 - 7 3 3 ) = T8.0 

from which follows by in terpola t ion s = 77-1 m 



8.01 

01 How are round holes obtained when drilling with the cable tool 

percussion method in consolidated formations and what is the purpose 

of the sinker bar in this system? 

With the cable tool percussion method of well construction, 

the tool string is supported in the drill hole at the end of a steel 

cable, connected to it by means of a rope socket. The cable is woven 

such as to obtain a strong twist, while the rope socket allows the 

tool string to turn relative to the cable. When now during the up

stroke the cable stretches, its twist will turn the tool-string seve

ral times. At the end of the downstroke, the tool-string rests 

momentarily upon the bottom of the hole, the cable slackens and is 

now able to turn back by the swivel action of the rope socket. The 

actual amount of turning, however, is never the same in both direc

tions. This assures that the drill bit will strike the bottom of 

the hole every time in a different position, thus producing round 

holes. 

When by small cave-ins for instance, the tool string sticks in 

the drill hole, straight pulling is commonly insufficient to loosen 

it and the tool must be hammered to above. This can be done with the 

drill rig, after the cable has been lowered till the set of jars 

is completely closed. The neeess'ary force for this operation is now 

provided by the weight of the sinker bar. 



8.02 

8.02 What is the purpose of the set of jars in the cable tool per

cussion method of well drilling and why is the length of the auger 

stem, so great? 

The set of jars provide a loose link in the tool string. When 

now during drilling the bit strikes the bottom of the hole before 

the end of the downstroke, this set of jars closes, taking up the 

slack of the cable, thus preventing bending and rapid breaking of 

the cable. During the upstroke the set of jars allow the sinker bar 

on top to give a sharp upward blow to the tool string, preventing 

it from sticking or wedging in the hole. 

A great length of auger stem is required to obtain straight 

and vertical holes, especially important when for groundwater 

abstraction well pumps must be used, which are set inside the 

casing at some depth below the water level during operation. 



8.03 

03 What is the difference between straight and reverse hydraulic 

veil drilling? 

With hydraulic well drilling, a flow of water is used for con

tinuous removal of drill cuttings. With straight hydraulic well 

drilling, this flow is directed down the hollow drill pipe and flows 

upward in the annular space between the drill pipe and the drill 

hole. With reverse hydraulic well drilling, the circulating fluid 

flows downward in the annular space mentioned above and rises inside 

the drill pipe. With the latter method, the cutting action of the 

rotating drill tools is no longer supported by the jetting action 

of the stream of water. Inside the drill pipe, however, the upflow 

velocities are now much higher, enabling large chunks of material 

to be carried to ground surface. 





8.11 

8.11 Which method of gravel placement around a well can best he 

applied vhen a single and when a triple gravel treatment is to be 

used? 

With a single gravel treatment, the screen is centered in the 

drill hole by means of guide blocks and the gravel is poured into 

the remaining annular space. To prevent de-segregation during the 

fall through water, small diameter'filling pipes can be used with 

which the gravel can be fed in slowly and evenly. During placement 

of the gravel, the casing and filling pipes are slowly raised, 

keeping the bottom of the casing 1 or 2 m below the top of the gravel 

and the lower end of the filling pipes not more than 0.5m above this 

top. 

With a triple gravel treatment, the bottom of the well screen 

is enlarged with a heavy wooden disk, on to which wire gauze packing 

baskets are fastened. The two innermost layers of gravel are now 

filled in above ground, allowing carefull inspection, equal wall 

thicknesses and a stable packing. After the screen with the attached 

layers of gravel has been lowered and centered in the hole, the re

maining annular space is filled with the finest gravel, in the same 

way as described above for a single gravel treatment. 



8.12 

8.12 Why is it desirable to keep the top of the well screen some 

distance below the lowest groundwater level during operation? 

Every water table well abstracts two types of water 

1. water that has infiltrated directly around the well 

2. water that has infiltrated some distance away from the well. 

Directly below the water table, the groundwater type 1 is aerobic. 

In case the sub-soil contains organic matter, the water type 2, 

however, is anaerobic and may have picked up ferrous iron from the 

underground. Around the well screen, both types of water will mix, 

converting the soluble ferrous iron into insoluble ferrix oxyde 

hydrates which clog the well screen openings 

2Fe++ + 02 + (n + 1)H20 + Fe20 .n(H20) + 2H
+ 

To prevent this phenomenon from occurring, the water type 1 must 

also be anaerobic. This can be obtained by forcing this water to 

travel a greater distance through the sub-soil, by keeping the well 

screen openings some distance below the lowest water' level during 

operation. 



8.13 

8.13 In fine formations, gravel treatment is used to allow the use of 

screens with larger openings. What is the maximum permissible increase 

in slot width when a single gravel layer is applied? 

With an artificial gravel pack, the slot width b of the screen 

openings must be 2 to 3 times smaller than the lower grain size limit 

of the inner gravel layer, while with a single gravel treatment this 

grain size limit must be smaller than k times the 8>5% diameter of the 

aquifer material. The maximum slot width thus becomes 

*=TTo-3*d85 = ( K 3 t 0 2)d35 

Without artificial gravel treatment and non-uniform aquifer material 

the well screen openings may pass 80$ of the aquifer material 

V =d 8 0co.95d 8 5 

With uniform material the percentage of aquifer material passing 

must be reduced to ^0$ 

This gives 

1.U to 2.5 

V = d U Q ^ 0 . 8 d 8 5 

b_ 
b' 

(1.3 to 2)dg5 

(0.8 to 0.95)d 
85 





8.21 

8.21 From a well water is abstracted with a submersible pump. 

This pump, however, must be set inside the well screen. Which 

provisions are now advisable? 

Around the pump inlet large velocities of flow will occur, 

which are even able to shift the material outside the screen. 

On' the long run this will result in a destruction of the screen 

by continuous friction with the grains. To prevent such damage, 

the screen must be replaced by a blank piece, about 1 m long, 

around the pump inlet. 

7110J6 


