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Introducti on

11 ‘ . - -
4 Hydrolagy: Hydrology 1s a branch of earth ¢eants, - The tdord 'H(tjqirofaafa,

s derived from Greak words hydor” meaning aater’ and ‘logos’ mewning Gselentific

Cotudygl ' ' ' |

L#adrd%% is he Jﬁi'@hﬁ\‘ﬁ'& S'fudg QJL‘ magve ment, cil'S'?Tl'buT’“’"m . and ‘1”3’/"%‘
of water on ¢arth and other planeds ,'m[uc,rjng water cgde, water Pesouress

and an‘r‘onmmfal Watershe d rsuylm'n'ab;'lﬁy-

3 Worl s pater vessuvcos:

Global water resoureas

| L
v o .

S‘QH_ Water o - F}”ﬁh U)'a'fe/f’ ‘ X ‘
BT 289
surfaes water _ Grround Water
212“7, | ‘ —_— i
@laciers &
fee cap Stream ¢ ‘ other forms
15 7. LaKes 01 64 T
) 0:017,

v
Easily Exbractable

BB 5 Net eas fZ

' extraetable
0357

w4 Hydrologie cyde: e, 11

Hydrolegle eyele 1 the vyator trang for cyele

‘ " ,which aceurs Canh‘nuauslg‘
i MNarure . 2 ] , ‘ ] -4

The threz {mportant- phases of hgdwolcgn'c, cyele are:
(@ Evaporahtn and Tvapotranspiration (b) Precipitahon (&) Runm off
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@ Evaporation and Evapotrangpiration « —n},z.:a [ahbg'Lh'é_xts ane-third land and fwo-

third o ecan . T sun, which defves H#, pater cﬂda, heats - water In |

oceans and seas. water evaporates water vapor dnto e Ae. Evaperatim

drom  dhe. Surfaees of Fonels,iaﬁes, viegepvolls, ocean ete. and +P?‘”5Fi”3hbﬂ L

Foom Surface Vegetation fre. from plant= leaves of cropped [3nd and Jorests,
efe: fares plgee | | o |

©)_Preeipitation: A 3| Hiude Meveases, aip pressure deereages and Hhe
ﬁmpff'ﬁ*uf‘# c{rors. The [ower temperafure causes water Vapor: ts
tondense 1 o clouds, by condensghn nueler’ . The elouds welt and
Some fimeg  burgs- mgq;,t,',\g i preel'pltation of diff erent form
ke ' P20, gnow, hal, sleef ,mit, dew and frosf .

@ Run Oﬂi A part of tHhis pr’wi’pfhh‘m Flows over the
PUNOff and part- infilfers into the soil which buids up the grouns
water aple,. T Jwrf@% pu/)\ ajf Joing the STream s and he uﬂfw 15

land isealled

stored In reservorys | A Porh'on of SUrrj;m P un off ;mcfgrounﬂ water
Floas .I?QQK-I@ oceam , 7'

Agm'n, EVapor’ahﬁm Starts Jcrorm e sunface Of lakes , P280r Vol and

o - And  The C,ﬂ(‘){f_ vepeats.

4 Net sleteh  of Hydrologi'c tﬁdeﬂ ‘é,”rlo

k.
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S;:*’:.:.';i'__ ‘l/R ain L

(/é(OUct j‘f’dY’] 1’\
“eensol i dation 8
C rgoll /

i

(/4171 /1), ,
Flj« Nydraiogu Cﬁd&,

#_Forms 07£- preelpltah'on

L '_b”?z'*"?-’ 3 hdh‘f‘ d'feadz in JCIHQ Jmps Ca-?mm) ard m’h’/nsﬁg <1mm/hr-,

2+ Ran ¢ The condonced water V3 pou? Qf fhe Qif“n’)OSFhﬁY’L J(E‘”Iﬂg m &POPS

(™ gr5mm |, maximum sie - E¢mmy) From the elouds,

| Q.M: J[,"’“%"'\g ,?)C-‘-.d"":’-?l& or 1afn when sza come !hﬂv contact u7||'H«1
esld OL’H"ZC’{—." ' | o .

4, Sleet e frozfn ran dvops whi'le ﬁlh'ng through air at- .subacr‘e,eyhg

-fem;)zrm/rb

i Snu;\: lea ey stal vémlh'ag drom sololimation ( 1'¢, water vapour
eondenggs o e2)

€+ Snow :flakey fee cvggff‘al fuced -hrgeﬁﬂen

« small IumFs of ree (>4 mm in ‘J""') formed bg sMernate freaemg and

ane earried yp and down [n highly furbulent ar
mlﬁng, when fhey g leof e

) i, |

F Hal
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21 Dewd 4 molsture. ¢ondengd fr'om -an a'f'ma;Phem_ i m::l] dmfo; qf’m’?
“eoo] surfaees.

; . ] . |
91 Frosts 2 fmﬁm@rﬁ JQPGSTTL of ee fmrmeJ an 'H\a gr wnd ::w;: L:L{M
sundfaee, ?]cu'popecl abjech‘ b&’ dew or wWater v?Pou'ﬁ £2
| frozfan | |
.10 . 2 -H.“n C,OUJ Qf V'Q/féjlng 51E£ J%Trﬂ(’d Qf" 'H/'\Q ‘Sumfgcz 0} .{.ﬁe’ ,
43411‘1% ba conden ¢ation ‘Ef afmajphemc vapour (“’) h”'ﬁmlh? UMH\

w‘smng)
1. Migks a very thin fog -

s scope of Hydrologys 13,12

The study of hgdmolegy Melo s T EET o
7 e maxtmum Pmbq&ﬁe, :Hnod that maﬁ oceur at 2 jt\/en g19e. amn
it frequency . This 1 Nﬁwf"@d e the safe destgn &f draing and |
eulverts , dams and vesor vatvs , ehamnels and sthey :Hoo& control -
Sheueture . |

(;;) +the water led fmm a basin b oceuranee, quaﬂ*g m&ﬁgquamz

| wa'fem Foww vl ver mwgahcm 2te,

!

) the 37‘0\1:&4 water davelOme‘f—ﬁY which 2’ }(mmlec!ﬁa ?f -H/\L

han?Ologg OJLHM Ired; e of- the formah’on sl mchamaz J‘atl['ﬁq

1W'He Streamy and nesor volrs ,valn fall pattern ,e,hm:ql-e,, C"”Pf"”ﬂ paszn
ete ., are maiulmcl

C@ The mammum 1’n'hm§|f3 of s'im'm and 1k J(r?z('{uwcg fav- Hae Jeﬂgn
OJL ﬁc{Y"aJlﬂ‘?g( PTOJﬂ/f" - | o y
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' -ﬁ:]m}ov'hncg of hHJrolaqH 04 ‘ e Tigabs shy g
4 [+ gives an estimate of water regource; pohzfnhal ej"f’hz river basin,

L It onvideg’ an {dea -abauf“PY'Obﬂb“Hy of dlood oceurance -H\esr' Fgﬁwn

and magnitudes.
2, TF\L dek)%déblé, 3:’81&5 Jor ihm‘gah‘o-n and hgiv’o electric pouer sfahdm
@ an b@ determined: e el e

4 Smelwag capacﬂ% dam height, dam safety <te. can be destgned - ‘

5. Formulation qf Flood control measures ean be  earried ouf.

T 6y T+ helps rl“” l'mlP“X‘OWmﬂW’“ of navr'@n’h'cms, sediment cgrr_rbl_’fﬂg‘ _F?PQU%@+C'

ki 15 g{’ve; a 3u1’d¢h’m, Jor erocion eontrol-

. | U 1 [ Vg a peser voln
g. Maxy'mum expected floed dis charge and it volume e_ﬂ'i'evmg rager vl

ean be determined.

£ Inter coption: jmt}; CP—PH"”. pefp/rg o -Prédpffah‘oﬂ fhat does: Mot reach

the sol, but s ‘nsdead ,‘nvterpogpﬂmcl sz M [eaves, branches of plants ‘
and the forest floor, -

ihich  water on The

:H’-In_ﬁ Iy ation: ff)‘_']cl l[{rah'on 5 the Pmouzss ba
: %muné enters Hw sof] and: builds up ca'r'ouncl water ‘&a‘b\c

VU the process of the dounmfrd movemen t

.;ﬁ«_.pucolahon' Peveslafion 18
o Hhe phreabc round water
Q]L Lafer *anw.gln umga’ruma‘reé mg [ F ﬂ. o

und,em Ha o fluence of c&mw:ﬁ, wd k74mw,\1c, Cﬁ”‘w-\

Scanned by CamScanner



#ﬁgjdr’olocg,}a) Data: 14 ' : L anarl g
For Hu ﬂmafa.‘.l‘s and CLU%".\ of any h(\!dr'afogrt pwog’zd‘ adequate, datn and
d wi'th laK o f-

]!ﬁg‘Hf\ c?f peeorde 3L neas;:wﬁ- A hgdfr‘ahﬁfg.;- B aff‘f‘n' po <o
adequate data , The basic, hddvrologf'tal data vecuived are !

() Chimato legital Data
CEH};}J"O*”"A'EO;::GFCjL%g like tem pevature, wind ve locf{y ] P)umfd/l'f% ete, .
GD Prees'pitation reeords

(@ Stream Jcbuo records —

(Y) Sessenal] Sfluetuah'on of g'rou.nd water Fable or Pl'ewmafﬁf c :

@ﬁ Evaporation data. |

@r{p' cmppfrg pattern , crops and
(iffnj 'Wa"’ear? qya!i}zdaﬂz %L surface cfpeams nd aroun

" . and $
(R Geometric studiles of the bagin , ke ared, shape @
. fure. and offe?

‘ ! dpaingd
charactervesh'es ﬁc He bg{fn; ¢fream Jenm%g and if

and neservolns, _
&) H«ddmom-’mor'ologfcal chargeferestzs of basm
' @ aavr, (en term Pmcl‘pilfah'on , Spack averag

370@4 water

{ water.

lope of the basin,
fhgmbgraphl'c_,

e densﬂ"j y tanKs

mean and m.edfan olenvafion , mean fempera

¢ over the bagin ugfrg
1'$ohjz.'h and ceveral other mefheds, '

'Heal S.
() Depth-Area-Duvation (DAY curves ﬁr’_cﬂ’r‘icnl‘sﬂrm

G') fsﬂhyehl Maps
@ 'Qvoppfng paftern | |
(9) Daily s menthly and annua| evaporation

) Watee Bajanee Hudj of the basin.

LTy B
\

Afrom uvatee surfaces in the bagfn.

: | | , L PRI
(ﬂ) ¢hrony'c problems In the basin due o 3 flood mevfraclma piver.”

Ch) Qo.l'! Cbn SU’V?hbn and method of Flood control .
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B I

: ﬁ_‘_ﬁgéroloﬂy’c,‘ Bquahons 02,13 ,14 i
The hz’dmoloﬂl‘c equehon I 5|'mP1Z the shament gf{’fm law  of-

eonsemvahan of matten s given vy’

I= 0+ 45 ihape. £ alofisy
i 0 = o ut flow

, 48 = change 1D storage.
This equah¥n states thaj- Jum'rﬁ Q g;’wn perisd, Hhe fotal 1 f v fnfe 3

ﬂ’.vm e m”‘””"—‘?”?’ the Pt sut Asw foom the area plS W(‘hw%
n sTorage. | |

while Jalv!'fla this equah'm , the ground water K considured g an m-h?ﬁral

‘Par'}" Q]C the -furr’jam water and 1S e §ubsurf'a¢g, i’nflow- and Mf’low
Hhat pese F-pob[em; 'n the water balamee, studies qf a bagm:

4= Praetical applicahions of Hydrolog - 09
Some dJC +he p‘r'ac:h'cﬁl -a,PPh’c'ah‘ons of Hgdrofoa«d 4

C"[)D,QS'l.ﬂﬂ c)f hjcf’f‘ab&h‘c, strueture ! The dg_gfﬂn ?f gﬂa \S"T’U.C'h"’rt related o

water sueh ag spillway  dam , cylvert, br,‘gﬂﬂ ete. farges depends on
Hhe Knowleéga oJC hadmoloaa,

('D Muniefpal and Tndustrial water supplys The avatlability of water 1

of ten the mest fmportant factor ™ 1ocah'r)3' euitable place Por mdustries

and 1 hag conglderable. effeet M the 83"0(3“’\ Qf' mum‘cfp'ah"f‘]'&sr H‘g}d“’\"é}‘&
thf us to enmsure.  wWater gur)PIH' avafab_fh"}y.

('”‘9 Irrg'gah&: $+or83L of water is one of the most fmportant gaciors
dJor  development of ﬁpm‘agh‘on For whicth avaporahbn , SREPAYE and other
losces must ke considered » Hydrology helps fo measuve these loces -
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(I\D KHydro power: Hacffr’oloﬁpt atudi'es are essent’s] for  the Plgmm’ng of any
=l ' : ‘ :
water power JeFamLmahf‘, ‘

@) £lood control: 'ﬂ\@ 'fec',hnr'quzg of flood rou Hye & ¢csent'sl for
ar) ke knoldM

M ecomomc pkwmm(? of flood contro] FY’OZI“+ whith ¢
O’T’(JTVI the S'ﬁidg of thmologzé/

drrologu. problem ¢ M wzwgshm’\ Pruged'}‘

V1) Navigahion ¢ Tb solve the hnd
C)———g——’— n 1% SUPP““‘ bg. Hﬁamolog%

some egsential Informations are r:aqun’ed whic

et )
(1) _Eroa'tm and sedfment controly The preblems i 2roston control 1m maf‘n)é];,‘

Pefated fo overland flon and inf'l4raton’ whith are ' sfudied tn hydrolegy-
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Precipitation

06 MR
=ad PPZCIP|+3hon- PY’LUP|+3h i the Pﬂoduc.’f' 0f Hhe COOJQ‘YPIQ,'J‘]'I!O“. OJC VLD?ﬂ’&P

Vapors, that fall under gravity -
~ From hdd‘mloajcaf pornt c)f- vizw jq![ qf ma}s-}ur‘t ﬁdm 'Q'I"mospher’/e M
Iy form on earth sunface is called preespifation.,

#Fonm-ahon D{-pmuplhhon 06 _
There are foup <ssential r’eqUISrhes Jor the J%*rmaﬁon c:f P\f‘euf)ﬁ‘a-hon'

(D Accumulahon qumS*h!m_'- The srmpli_ PP]]){JP[Q (_5\‘_’. conser vahon Of_

™Mas § r’équfws' Hat 3 bajance muet  be marntaned befryeen enaporstion
' a,'we[-“Pr‘euiP1}‘aﬁ‘or\', o, water s accumulated tn atmosphere [oa evaperaton

and +rans pirahon,

: G) eoohﬂg Thwa ave Hhnee 'hdpes of coolmg
| | @Ctldomc, ¢aohf\%

® Opuaraphag _;‘coolma

@ eonveehve eooling:
| (;"D’ condinsation; con densahom takes P"*‘Ui— | |
small parheles of sulostanes that have an aﬁ'mfb‘ 4o water

in the eonden sation pro eLss.

wheh e afr 13 net saturafed

and wn*rat'ns
These. P‘wﬁuq ‘get 8l nueed

C'O G”’“”'H" "F droplets: When Hhe condensation nudeus atfraets water,
G JY’OP[ef' be Loater frs Pf"oJLAUZJ and B flze tnC‘f”C‘HS—(s can'h'htldllflg

N abou*f— 24 hours , i+ Lecomes 3 drop 03( about- 3mm . [ts S(zgﬂx(Wr

: o5
mweaszs LH oolhslorn wWith. each other ¢ When Hhe J,,,O(,k“ qro

e sy} O e ci'pltahon.
e/nou%l'\ y lf"‘ temey 1o SMﬁe,c Qj" earth “ag 1017 far.m f p‘r‘e_gp!|§ ) |
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#IL{PQ ef Preeipitation s
There are Four +'dpes of PPQU'PH;HM) . Thza are -

okl
Lt

O Trermal conveetion ( conveehona) predpl'hh’M)l Thits -hdpebéf PYe”dP ("tation
1S 0 the Jorm of local whl’rh'hg thunder ¢heme and s WP""""Qf fhe
: 'h"OPI:’-L The aly close 11 4he warm earth 32‘}‘5 heated and nises due 12

B low dfmsf'l‘g > Cools ?dialoe‘}‘l'caﬂg o form a cauliHower shape cloud,

Whith ﬁ‘”gnﬁ bursts ndp  a thundin cprm: When aecompanied b‘&)\
datruet've Winds, MEH are called “tor nados -

ap (Gﬂ')ch“c'f‘ betoaen +wo atrmasses  (fpontal preet prtabion): When tuo ar
magceg  due o um—}pamng femperatures and denoities clach 1t each ofher
eondengabon and Preuyr'fahm secur gt the surface of eontaet Thi's
surface of wntaet 5 called afront’ or frontal surfacd’.

If a eold alr may dnives ouf g warm alr mags (s cajfed 2 Ccold front’,
cold

And if a wirm alv mass weplaess the T’E’rﬂeaﬁnz colds mags , i 15 called

rwarm ﬁ’oﬂ'{') : ‘

Omnather hand , ’JL Hhe dwo alr magses are drawn ﬂmuHmeou]Z, Houwards

a low pressure arez , the fromt developed 15 stabomary and [ called 2 Shhbn?rg

froﬂ’?"
Cold fpon-h move f’a,s’re/r' 'H’lﬂn’) wWarm :ﬁnowl‘s and usuallg ov:sztagg Hf\em

m;ﬁ*onh surrfac,a c)f the ¢old and warm v shdﬁng qam\nﬁ eadn o—thu'

“This phenomenan fs called focelusion’, and  the resu)hnj/ frontal su'r-fau
s called 3 Coceluded ﬁm.;_

warm ap
. - \m
S Warm unp \ ~=
~ ™M 28 NS R -
cold <" L X
Aty mass AN AL ¢older ' cold Ay
Frontal ts ur
surface,
louws precsure
) warm frond-

© stationary frent
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T

- @) ovographic 1ifting (orograpic preed prtshbr):.  The meehonied Hﬁh%ﬂ‘z |

of maistalr ever mountarn parriens , causes lneawg preespitahion on

‘l—he_ Ldfn:‘w&fﬂcf s " CLE ' lf‘eavﬁ T,a"n

Wwind ward

rdside :
(Sea wardside) Leeuard Sie

> AP (tand WW“D
msly - N
Sy mountainous ™ -
,;— F1e Rgtlh,_;hg‘ﬂow ared
r e Land

pitation e due 1o

‘ 5 ]"Z, dUL
ifhing of moist alr  converging into 3 low pressure belt gt
4o Preésuve' Ufferences oneated by the un equdd heating af

- : - i .'f) "N,
surfoeq . - Here  the winds  blew spivally fnward counten focfwise 1
) L, sphere, . There
northern hem;';f;hem “and clo’c,}i WIsL  fn Hae, southern e mtsp ’

are Hwo mah Lypes of eyelones - () troplcal 'c\‘jdéﬂL/huPr1tanz/4yPhoaﬂ.

@ & elonic (‘cgdon;t Precfpf’rah'an):, Thic 1y pz. Of-preu'

g (13 eﬂ*fraf’rwopr'eall tbte/fcme: 7

4 Measure ment o4 p'rec'.?lpf*hh'ﬁf\!

N uh’n Hoe
U IOy T U P 'n etrument=, used Jor meas i
‘Ram qauge: Rmnaalﬁﬁ' s an |
preed plfation depth, f’ell“”"\?('

and Hme .

over He land curface at a parhicular point

‘1 q Ci ” 1] 3£| ' IU . 290 fn g2
ll{pﬁo RQ'H Auqge ' y? Cla | \Gc‘ In 'f‘l,\)o CQ‘ 3‘ e

1+ Non-reeordiny type
2 Rf.cordhlca ty pe

& .
N e o T e S RS G VMDA R S A g it e S
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1. Non Peccw’éméq ?hjpe ﬁéf'ngwg_t’,‘- Thrs 'fypz of ﬁé»:'ﬂ gauge \r’e.c.ovds‘ the
Pafnfa” Jlfﬁn '-occwrl'ng over the ground ;urjace. _oﬂ]g , and unam
fo dengfe Hwe Hme of rangall

S~ ‘ \
end of 24 howrg period , but
The obourvahag ape pecorded 3t fhe e f p

' e, sl ! '\v;,u]' can be changed:
m caue  of heavg rarnfall thi's Hme mterval n %r ,
cefed Pa‘;'nfa/ﬂ M He can

i Aot +('fPt of ram 934gL the colle " ]
“ measured with help of grad,uarfec{ cylm deyy which1g ¢ f
| f'h "H\( Jfgrm

verted
i Ferme of painfall wvelume: fh can be converh

o lepfnt - volume of water wllecfed €2
qufg_/” ,Jepﬁq@m): Aperture ares ff‘ f{\Lgau.gf_ Cent)

| ) - have
symon's Hype m{'ngaugﬂ and -5 weather Buveau bﬂlﬂg?“% s

been fntrodueed 3 ﬂonvmcofchiﬂg +}1P"‘ of T’Q"”ﬁg“cafe'\ .

égmon’s type wa:‘ngauﬁ: -ﬂ,,g ','5 OM' of He ok popular and  commm
Type of mon recordiing r"“/‘\”gwgfﬁf i+ conercts of a  funnel with' 3
eveufae vim of 107 ¢m diameter and a glasg bottle s 2 recziver
W‘Cﬁh?)d’rl'(g! mg}aI caffﬂg (s fixed vertically to the masonrgy
Joundation  with leve ! vim 3oy cm above. the .jwouvﬂd. sundfaee.

The rajy \f"a,ﬂl,rg n o ﬁ\eﬁmrw/l e eollected 1n the peeplver and .

5 measured 1 2 s peeq'al mza;uw'ng glﬂﬂs graduated i mm of-

P'M.nfall) wWhen i ¢an meaguye, L5 <M (’)f raimm .
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g TrBaveS ™ 2T em
R e L
q e -L____,r__- %
| o AL Funnel
toatlageh DS AT ) \ ‘
v, - gl A J'k __Me--bl.ca;;hg
S i ; aass botte
T T (7B -Ibem dv37) . 2O f
; E'Cm - . - ¢ ot & ; %]
GTL gW / Snal— \ ey GTL— “ A L . .’.i. |
S acad Masm vy RN -
E/M F.ufndah'm _-' e
% Block ’ i T Bl sxanis 2
) 3 F"g- Sy mem's y 3 *q
g 60 X60 X 6o : i
om om .
{i |
LY N
¥ o

coOCm L

Demerits of symon's paringauge:
O W does not give Hre mfrewsﬁg
U»p T+ does .net PT‘DVlat..fkt}]ﬂ\fzwml?h‘oﬂ on Start and enJl of

and - duratin of ram fafl.

he 4N f;” ‘ L ,_
(D) Thi' nen r’ccorchf\a Ty re m«'n anufdzg are umaMe'f-o 31\/:1 Hre

Aecurates mo_asummanﬂ— -Hr\a{— cam be. comPared !mHn ﬁ«.d_ Pamfau
3”“’“”+5 ‘fmﬂsu"’&d 951 WO’er Jype, oJf- r-'unaaugas- C Ny amh -
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U5 Weathey Byreay E’ahgmﬁe_' The U«S. wea#wr' Burggau ramgauge
onsitt of 3 ean’, g jnen i diameren ﬂpd 24 fneh (o depth . 14 gy

Jclf'fedl aver 3 Copper Y’ECQ;V‘.@Y’/ b\)f'\,o;g. 1'—0,9 rim 1'5 b Knrf& ng@

md  botHam Qdﬂ;,g—f—oj qunnzl /, me?!ﬂ‘f’]ﬂj/ Hube under e

Junne! takes water from qunnd-‘ &mt'a.furlﬂg sh'ek 24 inch
'Io“f\a ,_E. ineh wide and .1 ,'y;dn-- thr'e K, c;mP]i?h’J He ‘e"lu'.,’mm-fﬁ

ﬂuz Lross Qchonﬂ ﬁa maamrmg shCK IS ,h(ﬂt“H ?f‘ H\'L
GP%\ﬂg weg CDC the yeerIvey, . . ;

1

|

e
Funne] !

2}} e

mza;urrﬁg T
BRREL > LR

24 (nth

el vey

¢,

Tig. U5 Wegther Buriau lﬂam;}w?a
Tne rain w‘am’m;,u'gj F fumnel 1§ collected “in the tubt .o
'{7\L'fube. gﬁHeJ w,f'h wafem :md Cﬂﬂq‘armﬂd measummg shiet. vepresents
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GROUND WATER
RECHARGE



Groundwater Recharge:

1)Developing of artificial underground
reservoir by artificial recharging for storing
water underground called recharging of
underground water.

2)It is quite advantages as compared with
dams,reservoiers etc.

3)Artificial recharging technique is under
intensive research and is being increasingly
used in france, Germany etc.



What is Artificial Recharge

» Artificial recharge is the process by which the ground
water recharge is augmented at the rate much higher
then those under natural condition of percolation.



Why Artificial Recharge

* In most low rainfall areas of the country the
availability of utilizable surface water is so low that
people have to depend largely on ground water for
agriculture and domestic uses.

* So in order to improve the ground water situation it is
necessary to artificially recharge the depleted ground
water aquifer.



Advantage of artificial recha rge

* To enhance the groundwater yield in depleted the
aquifer due to urbanization.

* Conservation and storage of excess surface water for
future requirements.

* To improve the quality of existing groundwater
through dilution

* To improve bacteriological and other impurities
from sewage and waste water by natural filtration , so
that water issuitable for re use.




TECHNIQUES

Surface method: to enhance
groundwater infiltration by Induced Recharge Method

providing more residence
time with the help of

structural and non-

structural measures Aqulfer Modification Method
Subsurface method




SURFACE METHODS

DITCH& W ~onpouR
FURROW R
SYSTEM

SUBSURFACE METHODS

RECHARGE'N - .. PITS &
WELLS DUG WELL B cpyaFTS

PERCOLATI

ON TANK




A pewcolaten Wk shout b oot dry N ands hegewseny of e Locatan Vdlagr
Sebdby Dhiert Nagar Mubueasbers St

Source: www.indiawaterportal.org

This is the most common method
of artificial recharge.

In this method , water is
impounded in series of basins or
percolation tank,

The size of basin may depend
upon the topography of area, in
flatter area will have large basin .

This method is applicable in
alluvial area as well as hard
formation .

The efficiency and feasibility of
this method is more in hard rock
formation where the rocks are
highly fractured and weathered






PERCOLATION TANK

« Series of earthen dams are
constructed on suitable sites
for storing of adequate
guantity of surface water.

« Tank area should be selected

in such a way that significant
amount of water infiltrates
through the bed of the tank
and reaches the groundwater
table.




FLOODING

Cut fall

- « Flat region where water can be spread
- as a thin layer.

«—+— Rechange
basin

- Water is distributed over the region
— A1 using a distribution system.

« This method can achieve higher rate of
infiltration in a region having thin
vegetation cover or sand soil cover.

v
Diversior structure

Sed
tank
AN

edimentation




Stream Augmentation

Source: www.indiawaterportal.

Seepage from natural stream or rivers is
one of the most importantsource of
recharge of the ground water reservoir.

When total water supply available in the
stream /river exceeds the rate of
infiltration ,the excess is lost as runoff .

This runoff can be arrested through check
bunds or widening the steam beds thus
larger area is available to spread the river
water increasing the infiltration .

The site selected for check dam should
have sufficient thickness of permeable
bed or weathered formation to facilitate
recharge of stored water with in short
span of time.

The water stored in these structures is
mostly confined to stream course and
height is normally less than 2m. To
harmess maximum runoff, a series of such
check dam may be constructed.



Ditch & Furrow System

’

MRS

Source: megphed.gov.in

* In areas with irregular

topography ditches or furrow
provide maximum water
contact area forrecharge .

* This technique consists of a

system of shallow flat
bottomed and closely spaced
ditches/ furrow which are
used to carry water from
source like stream/canals and
provide more percolation
opportunity.

» This technique required less

soil preparation less is less
sensitive to silting.



Furrow System

Furrow levigation by opentog the bank or dy ke of the ditch

Letluce
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Contour bund

Contour bund is a small
embankment constructed along
the contour in hilly region to
retain the surface runoff for
longer time. This scheme is
adopted for low rainfall area
where internal  subsurface
drainage is good.

Fig 29 3 Twpical contour bund




B.Sub — Surface Method

* In this method the
structure lies below
the surface and
recharges ground
water directly.

* The important
structures commonly
use are recharge wells,

Source: www.indiawaterportal.org recharge shaft, dug
wells etc

Figure 5 : sub surface method



"~ Recharge

e
—~——

well

* Recharge wells can
be of two types-

* (a) Injection well,

P e e ot m o | | S where water is “
el e 5, pumped in” for

* | AR 3 ORI RS A
ples e St ey recharge and
RS S bt R it S S DS = (b) Recharge well,

where water flows

A under gravity.

Figure 6 : Injection well



Source: www.ngwa.org

The injection wells are
similar to a tube well.

This technique is suitable
for augmenting the ground
water storage of deeper
aquifers by “pumping in”
treated surface water.
These wells can be used as
pumping wells during
summers.

The method is suitable to
recharge single aquifer or
multiple aquifers.

The recharge through this
technique i1s comparatively
costlier and required
specialized technique.



: ;;rge Well

—
—-—

" Rec

Source: www.indiawaterportal.org

» The recharge well for shallow water
table aquifers up to so m are cost
effective because recharge can take
place under gravity flow only.



2 .Pitch & Shafts

In area where impervious layer is

encountered at shallow depth the

Gy its & shafts are suitable structure
: ~ or artificial recharge.
| worg P T N » These structures are cost effective to

SR P | - recharge the aquifer directly.

8 . . * The diameter of shaft should
normally be more than 2m to
2 s accommodate more water.
2 2 * The advantage of shafts/ pits

S structures is that they do not
requires large pieces of land like

!

percolation tank & other spreading
Source: megphed.gov.in method.

» There are ractically no losses of
water in form of soil moisture and
evaporation like other methods of
spreading.

Vertical recharge shaft



Dug Wells

Source: megphed.gov.in

Recharge through Dug Wells

* In alluvial as well as hard rock

areas there are thousand of
dug wells have either gone
dry due to considerable
decline of water levels.

These dug wells can be used
as recharge structure storm
water and other surplus water
from canal etc. can be
diverted into these structure
to directly recharge the
dried aquifer.

The water for recharge
should be guided through a
pipes to the bottom of well to
avoid entrapment of bubbles
in the aquifer.



LECTURE ON

DESIGN OF WATER WELLS

CE 3221, Hydrology, Credit=3.00, Contact Hours=3/week



Introduction:

A water well has to be designed to get the

economically from a given geological formation

J The water requirements for the particular schemes —rural water supply,
agricultural and industrial needs, has to be carefully determined

(1 The choice of open wells or bore wells (tube wells) and the method of well
design depends upon-

CE 3221, Hydrology, Credit=3.00, Contact Hours=3/week



Introduction Cont...

d A water well design involves selection of proper dimensions like the diameter
of the well and that of the casing, length and the location of the screen
including slot size, shape and percentage of opening area
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Well Diameter

The Size of the well diameter should be properly chosen since it
significantly affects the cost of well construction.

The diameter must be chosen to give the desired percentage of open area
in the screen (15 to 18%), so that the entrance velocities near the screen do
not exceed 3 to 6 cm/sec, so as to reduce the well losses and hence the
drawdown, to exclude the finest particles of sand from migrating near the
slots and prevent incrustation and corrosion at the strainer slots.
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Well Diameter

Depuit’s equation
1
Qa

R
loglom

For R=300 m, a 60 cm well yields only 25% more than a 15 cm well
and 12% more than a 30 cm well, which shows that Drilling a large
diameter well will not necessarily mean proportionally large yields
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Well Depth

’0

» The depth of a well and the number of aquifers it has to penetrate is
usually determined from the lithological log of the area.

4

1)

» An experienced driller can decide the depth at which drilling can be
stopped after being advised by the hydrologist who analyses the
samples collected during the drilling.

4

* The well is usually drilled up to bottom of the aquifer so that the full
aquifer thickness is available, permitting greater well yield.

L)
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Design of well Screen

1 Screen Length: In homogeneous artesian aquifer about 70 to 80% (3/4)of
the aquifer thickness is screened.

[ In case the non-homogeneous artesian aquifer, it is best to screen the mos
Permeable strata.

J Theory and experience have shown that screening the bottom one- third
of the aquifer provides the optimum design.
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Design of slot Size

[ The size of slots depends upon the gradation and size of the formation
material

[ In case of naturally developed wells the slot size is taken as 40 to 70%
of the size of formation materials.

] If the slot size selected on this basis becomes smaller than 0.75mm, then
It calls for an artificial gravel pack.

[ Artificial gravel pack is required when the aquifer material
is homogeneous with Uniformity co-efficient less than 3.00 and effective grair
Size less than 0.25 mm
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Screen Diameter

After the length of the screen (depending upon the aquifer

thickness) and t
aquifer materia

ne slot size ( based on the size and gradation of the
s) have been selected , the screen diameter is

determined so that the entrance velocities near the Screen will not
exceed 3 to 6 cm/sec to prevent incrustation and corrosion and to

minimize friction losses
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Selection of Screen

Selection of screen material depends on-
-mineral content of water

-presence of bacterial slimes

-strength requirements
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Selection of Screen

The Screen material should be resistant to incrustation and corrosion
and should have strength to withstand the column load and collapse pressure.

The principle indicators of corrosive ground water are
-low pH

-Presence of dissolved oxygen

-CO2> 50ppm (parts per million or mg/I)

-CL> 500ppm

The principal indicators of incrustating ground water are
-total Hardness> 330 ppm

-total alkalinity> 300ppm

-iron content> 2 ppm

-pH> 8
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Open wells Versus Borewells

In choosing the type of well the following factors have to be

considered

1. Availability of space

2. Hydrological characteristics of the subsurface strata

3. Seasonal fluctuation of water levels

4. Cost of well construction including provision of water lifting
appliances

5. Economics and ease of water lifting operation
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Open wells -Advantages

1.Storage capacity of water is available in the well itself

2.Do not require sophisticated equipment and skilled personnel for
construction

3.Can be easily operated by installing a centrifugal pump at different
Settings for low and high water levels
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Open wells -Disadvantages

1.Large space is required for the well and for excavated material lying
on the surface like a big mound

2.Construction is slow and laborious

3.Subject to high fluctuations of water table during different seasons
4. Susceptibility to dry up in years of drought

5. High cost of construction as the depth increases in hard rock areas
6. Deep seated aquifer cannot be economically tapped

7. Uncertainty of tapping water of good quality

8. Susceptibility for contamination or pollution unless sealed from
surface water ingress
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Tube (bore) wells -Advantages

1.Do not require much space

2.Can be constructed quickly
3.Fairly sustained vyield of water can be obtained even in years of

scanty rainfall
4. Economic when deep —seated aquifers are encountered

5. Generally good quality of water is tapped
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Tube (bore) wells -Disadvantages

1.Require costly and complicated drilling equipment and machinery
2.Required skilled workers and great care to drill and complete the

tube wells
3.Installation of costly turbine or submersible pumps is required
4. Possibility of missing the fracture , fissures and joints in hard rock

areas resulting in many dry holes
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WATER WELL DESIGN
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s Provide well that meets needs of owner

*Provide suitable quality water (potable and
turbidity-free for drinking water wells)

** Provide long service life (25+ years)



Tunes of Water Wells
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DRILLED WELLS

=» Terminated in glacial drift (sand,
gravel) or bedrock

=» Constructed with rotary, cable
tool, jetting, hollow rod or auger
drilling methods



Cable Tool




TYPICAL
ROTARY WELL CONSTRUCTION
SEQUENCE

OVERSIZED
BOREHOLE
DRILLED

5
O YIELD TEST g
& D

WATER SAMPLING

IDENTIFY
AQUIFER

INSTALL CASING
(& SCREEN)




Sanitary well cap
(overlapping &
self-draining

Tight seal <
between cap/
and casing
' <« Electrical

/ | conduit

WE casi.n'g pipe



BOREHOLE

\—

MINIMUM 2 IN.
LARGER THAN
Vertical circular CASING IF
: GROUTING
boring to reach THRU CASING

aquifer (water
bearing geologic
material)




Steel or plastic
pipe installed to
keep borehole
wall from
collapsing

CASING



WELL CAP or
SEAL =

Mechanical device
to prevent
contaminants
(including insects)
from entering well
casing




Intake device to
allow water to enter
well and keep sand

out

Wire-wrapped screen
most common

SCREEN



Impermeable cement or
bentonite clay slurry
placed in annular space
between borehole and
casing to:

prevent well
contamination

CASING

| TOP VIEW

BOREHOLE



WELL GROUTING MATERIALS

TYPE

BENTONITE
SLURRY

NEAT CEMENT

CONCRETE
GROUT

COMPOSITION

POWDERED BENTONITE
& WATER

GRANULAR BENTONITE,
POLYMER & WATER

PORTLAND CEMENT
& WATER

PORTLAND CEMENT, SAND
& WATER

CHARACTERISTICS

*FLEXIBLE LOWER STRENGTH SEAL
*MOST POPULAR DUE TO LOWER COST

AND TARGETED MARKETING
*WASH-OUT UNDER ARTESIAN PRESSURE
*NO HEAT OF HYDRATION

*MORE WIDELY USED IN OIL FIELD THAN
WATER WELLS

*HIGHER STRENGTH RIGID SEAL

*BEST CHOICE FOR BEDROCK WELLS
& FLOWING WELLS

*HEAT OF HYDRATION &
MICROANNULUS CONCERNS

*MORE PERMEABLE THAN NEAT
CEMENT GROUT

*MORE DIFFICULT TO PUMP (ABRASIVE)

*GOOD CHOICE FOR LARGE DIAMETER
WELLS



CASING MATERIALS COMPARISON

STEEL

Non-corroding
Lower strength

Fewer water quality
complaints

Rotary construction only

1/3 cost of steel

Corrodes

Higher strength

Rusty water

Suitable for any
drilling method



DRIVEN WELLS

1 Installed in glacial drift only -
CANNOT be driven through
boulders or into bedrock

[ Well point driven into ground
with post-driver, tripod w/ weight or
sledge hammer

(1 11/4in.to 2in. diameter



DRIVEN WELLS

[ Installed by property owners

1 Common around lakes and
high water table areas

1 Most <35 ft. deep, limited yield
(7 gpm or less)

MORE SUSCEPTIBLE TO SURFACE
CONTAMINATION THAN DRILLED WELLS




TRIPOD

! 5
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DUG WELLS

Q Large diameter (18-48in.)

Q Found in low yield areas

(Q Casing material - concrete crocks
w/ loose joints

Older wells: stones, brick-lined

(Q Water enters well through loose
casing joints



DUG WELLS

 older wells - hand dug

QO Low well yield - storage in casing
(100’s of gallons)

Q HIGHLY VULNERABLE TO
CONTAMINATION



SHALLOW UNSANITARY DUG WELL
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The cumulative depth of infiltration in an experiment on a tube infiltrometer is observed to follow the
equation F = 0.165 t%®5 Where Fisin cm and tin minutes. Determine the equation for infiltration rate and
the average infiltration rate.”13 ‘10 ‘09 CKQE{.{-— G5, 269)

o,

The rates of rainfall for the successive 30 min period of a 3 hr storm are 1.6, 3.6, 5.0, 2.8, 2.2, 1.0 cm/hr. The
corresponding surface run-off is estimated to be 3.6 cm. Estimate the ¢-index. Also determine the W-

index.’06 ‘05 @»\-?h,u- 2-L)

During a daily routine observation, 10.8 liters of water was added to bring the water surface in the
evaporation pan to the stipulated level and the nearby raingauge measured 3.6mm of rainfall. What was the
evaporalion recorded for the day if the diameter of the panis 122 cm? 10 C,'?\ezﬂc‘ii - ?— 4 12 3_])

® @ ©

 For a small catchment, the infiltration rate at the beginning of rain was observed to be 90 mm/hr. and
decreased exponentially to a constant rate of 8 mm/hr. after 2.5 hr. The total infiltration during 2.5 hr. was

50 mm. Develop the Horton's equation for the infiltration rate at any time t<2.5 hr. 11 " 15{exampie 3.5, roghu)

"The infiltration Capacity in a basin is represented by Horton’s equation as fp =3+ e?!, where fpisincm/h

and tin hours. Assuming the infiltration to take place at capacity rates in a storm of 60 minutes duration.
Estimate the depth of infiltration in (i) first 30 minutes and (ii) the second 30 minutes of the storm.'12

& @

The infiltration capacity in a basin is represented by Horton's equation as fp =6+ 16e%, where fisin
mm/h and tin hours. What are the values of initial filtration rate f;, final constant rate f. and constant K? if

a storm occurs in this basin with an intensity of 22 mm/hr, determine the depth of infillratios for the 45
minutes and the average infiltration for the second 75 minutes. 14 '15 @\Ez!ff—‘ — & F

Calculate the amount of water lost by evaporation if: (i) Amour
surface inflow = 120 mm (iii) ground water f
storage decreases by 5 mm.’ 14

1t of precipitation = 12 mm (i) quaniity of
low amount = 75 mm (iv) surface outflow = 13 inm and (v)

®@ @

"Hourly rainfall of 245, 6 and 3 cm over a 20 ha area consisting 4 haof @ = 5 cm/hr, 10 ha of® = 3 em fhr
ad6haof ® =1 cm/hr. Derive hourly values of net rain. 14

Run(}‘@ﬂ‘ E ’ : i

A basin has an area of 26560 km?, perimeter 965 km and length of thalweg 230 km. Determine (
factor (i) Elongation ratio (iii) Circularity ratio. 11’10 07 ’

o

<

i) Form

@,

-

A drainage basin has an area of 210 Km?. The average depth of rainfall received by it during a monsoon
period is estimated to be 5.68 x 10" m®. Compute the depth of runoff. What percentage of rainfall has

become runoff? If all this runoff volume is stored and used to irrigate a crop which requires 60 cm of water,
how many hectors can be irrigated?'08

The total observed runoff volume during a storm of 6 hr. duration with a uniform intensity of 15 mm/hr. is

21.6 M.m’. If the area of the basin is 300 km’, find the average infiltration rate and the runoff
the/pasin.’O‘/

coefficient for

\

g ‘ ne mean daily flows at a gauging station for a period of 7 daysare 7,27, 58, 41, 31, 20 and 13;n3/ser
! 5’ srespactively. What is the total vclume of stream flow-in hectare-me

tres? If the drainage are at the site is
100 fem?, what is the runoff volume in cm?‘15
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13) Find the mean precipitation for the area shown in figure below by Thiessen poly r .
compound of a square plus an equilateral triangle plot of side 2km. Rainfall readings are in cm at the va

gon method. The area is

A —--—Z-k—nj--- B
2|<m,”t S L7 168cm
’, 3 , 1
’ \ \\ 7 ]
e ] i ]
F@ 2 km V. 12 km
15 cm \\ ] ”’ \\ |
] , Ay 1
2km s ) v \\ I
AL 2 km s !
o@---------- ®c
20cm 43 cm

station indicaied.‘u)

_ @cation X failed to report the rainfall recorded during a storm. With respect to east west and north south
/ axes set up at station X, the coordinates of 4 surrounding gauges, which are the nearest to station X in the

respective quadrants are (10,15), (-8,5), (-12,-9) and {5,-15) km respectively. Determine the missirg rainfall
at X, if the storm rainfalls at the four surrounding gauges are 73, 89, 68 and 57mm respectively. 0y

@Find the mean precipitation for the area shown in figure below by Thiessen palygon method. The area is
compound of a square plus an equilateral triangle plot of side 3km. Rainfall readings are in ¢cm at the various

ragibce 13

station indicated.’C9 '06

/ @ watershed has a network of rain gauges. Annual rainfall record by these gauges is given for a year as

Raingauge  [1  [2 [3 Ta 15 |
Annual rainfall | 50 82 73 |64 105“1

Calculate optimum number of rain-gauges for this water shed for a 10% error in estimate of mean annu
o rainfall." 11 '08

al
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the basin shown in figure below, the normal annual rainfall depths recorded and the isohytals are given.
Determine the optimum number of rain-gauge stations to be established in the basin if it is desired to limit
the error in the mean value of rainfall to 10%. indicate how you are going to distribute the additional
raingauge stations required, if any. What is the percentage accuracy of the existing network in the
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estimation of the average depth of rainfall over the basin? ‘07

7 -
' nsider a rectangular area whose (x,y) co-ordinates are (0,0), (4,0), (0,4) and (4,4). The area is 4 km wide
and 4 km long (one-unit co-ordinate represents 1km). This area has 4 rain gauges. The locations of the
gauges and the rainfall amounts measured by them are as follows: ‘05

-

Rainfall | Gauge co-ardinates (x,y)(km,km) | Rainfall amount (cm)

A (1,1) 5
B (1,3) 10
C (3,3) 8
D (3,1) , 12

Determine the mean rainfall for this area by the Thiessen Polygon method.
ragibce 13

~
719)-The annual rainfall at a place for a periad of 19 years from 1970 to 1988 in mm are given as
" $20,615,420,270,305,380,705,600,350,550,560,400,520,435,395,290,430,1020 anc 900. Construct the
frequency curve and hence find the 75% and 50% dependable rainfall. What is the probability that a rainfall
SOOm}or more occurs in any year? ‘08 06

-\ .~ ,
' 120)JA major river basin is divided into four sub basin with areas 920, 705, 1075, and 1665 km*. If the average
/ annual rainfall of these sub basinsis 73, 85, 112, 100cm. respectively. What is the annual average rainfall for
the basin-as a whole? 11

Tomy o '
@y\{alchment has six raingauge stations. In a'year, the annual rainfall is recorded by-gauges as follows:'13

S Station A B C D E F
Rainfall (cm) 82.6 102.9 180.3 1103 98.8 136.7
For a.10% error in the estimation of mean rainfall. Calculate the optimum number of staticns of catchment.

@”The mean daily flows at a gauging station for a period of 7 days are 7, 27, 58, 41, 31, 20 and 13m3/sec
srespectively. What is the total volume of stream flow in hectare-metres? If the drainage area at the site is
10Q./cm?, what is the runoff volume in cm?"15.

(25] Neighboring rain gauge stations, A, B, C, D, & and F have normal rainfalls of 610, 554, 468, 606, 563 and 382

/ =7 mm respectively. During a storm stations A, B, C, D, E and F have reported rainfalls of 22, 29, 35, 13 and 25
mm respectively, and station D did not report as it was inoperative. Estimate the missing storm rainfall at D
by the arithmetic average and normal ratio method." 14

S BBt o
=
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rainfall of certain high intensity is expected Lo occur once in 20 years. What 15 the chance of occunience i «
any year? Wha: is the probability that it may occur in the next 12 years?

Stnom Gawa |
25) Following vehicles were recorded in a station with a current meter. L i,

Depth above bed(m) 0 1 2 3 %

Velocity (m/sec) 0 0.5 0.7 038 0.8
Find the discharge per unit width of stream near the point of measurement. Depth of flow at the point was 5
meter

@ ullowmg velocities were recorded in a stream with current meter.’12

Depth above bed(m) 0 0.7 1.4 2.1 2.8

Velocity (m/sec) G 2.62 2.94 3.16 3.28
Find the discharge per unit wicth of stream near the point of measurement by two-point method. Depth of
flow at the point was 3.5 meter.

T elotd ey ]
oillowing icles were recorded in a station with a current meter. ragibce 13 ‘

Depth above bed(im) 0 1 2 3 4 0
Velocity (m/sec) 0 0.8 10 1.2 1.2

Firid the discharge per unit width of stream near the point of measurement Depth of flow at the point was
5.0m. 13
22) Yompute the value of stream flow rate, with the help of following data using the two-point methad. 0%

. e o
Depth from one end(m) | 0 1 2 3 1 4 T 7L__47>_J|
f Depth(m) [ 0 14 | 33 | 50 | 90 | 5 4, gm_}_& |18 |
Velocity at (m/s) | 0.2d | ¢ 040 | 060 | 084 | 090 | © 062 | 054 |
— - "
0.6d 0 0.25 | 035 | 060 | 070 | O obn: | 036 |
08 | 0 020 | 030 | 050 | 062 | 055 ! 040 | 030 |

Hgdrcr@‘r(a'ph
Th'—: followings are the ordinat‘es of a 3-hour unit hydrograph. Derive the ardinates of 6-hour unit hydrograph
ana piot the same.’ i3

(fimethe) 103 e 19l 15 1 2r 24|
3-hr UGO {cumec) \ 0 l 1.5 4.? 11.8.6 | 12.0 i 9.4 f 4.6 ‘ 2.3"»4‘_9.’? J
@The - o ordinates of 3-hr
unit Time (hr.) T 0 ']__3_ T76 7 T 12 T1s o | 21 hydrograph are
given \ 3-hr. OUH (m?/s) 0 [ 50|75 @Iﬁi‘i 50 | 30 [ 0 I below. Find out

the ordinates of 9-hr unit hydrograph. "12°14

The ordinate of four-hour unit hydrograph is given below. Derive the ordinates of 8-hr. unit hydrograph by

o the S-
i Time (hr.) o|al8l 1216 [ 20 20 | 28 32}36 40 |44 | curve
&}:r. unit hydrograph (cumec) | 0 l__2_4__8727~_1§9__ 184 | 151 | 103 | 64 T3 117]6 |0 |
method. 11 Ub
J
T T T T Ti3ese T L T [ 231999
tz‘-"‘e(’“"“) [2 Ts [8 11 [14f[37 J20 |23 |2 |5 |8 [11]14[17[20]23

4
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@FO BW)Q }0000’!?61:35-[_020 -:TchcJQ ﬁunop& J/Mmal
e Tl pPRO - Dinet
"A/ IE"‘c_i“”ge(“’"’ec)|50|47l75|120l225 290 [ 270 | 145 | 110 [ 90 [ 80 [ 70 [ 60 [ 55 | 51]m

/ R he runoff data as a stream gauging station for- a flood are given below. The drainage area is 40 km®. The
d

uration of rainfall is 3 hrs. Derive the (three) 3-hr unit hydrograph for the basin.'08

@The run off data at a stream gauging station for flood are given below. The drainage area is 40 km? the
duration of rainfall is 3 hrs. Derive the three-hr. unit hydrograph for the basin and plot the same."11

1-3-1970 [ 2-3-1970
Date & Time (hr.) 2 | 5|8

_ 11 [ 14 [ 17|20 23| 2 | 5] 8 [11]1a]17]20]23
Escharge(cumec) 50 | 47 | 75 | 120 | 225 | 290 | 270 | 145 | 110 | 90 | 80 | 70 GOJSSISIJ 50

@ A steady 6h rainfall with intensity of 4 cm/hr. produces a peak discharge of 560 cumec. The average storm

loss can be assumed as 1cm/hr. and base flow 20 cumec. What is the peak discharge of unit hydrograph and
its duration? On the same basin determine the discharge from a 6h rainfall at intensity of 3.5 cm /hr.,
assuming an average loss rate of 1.5cm/hr. and base flow of 1.5 cumec.’08

},S’T he design storm over a water shed has depth of rainfall of 4.6, 3.6 and 5.6 cm in successive 1 hr. periods.
; The 1 hr. UG can be approximated by a triangle of base 9 hr. with a peak fumec occurring 2 hr. from the -

beginning. Compute the flood hydrograph assuming an average loss rate of 6 mm/hr. and constant base flow
of 5 cumec. What is the area of water shed and its coefficient of Tunoff? ‘0/

‘ompute the peak of a 4 hr. UG if the following data are available. The effective rainfall of 4 h duration has
=’ produced a flood hydrograph peak of 400 m*/sec. This flood hydrograph has a base flow of 40 m’/s. The

average watershed rainfall is 4 cm, and average loss rate is 0.4 cm/hr.’05
—d

——

;3'7/) The design storm of a watershed has a depth of rainfall 4.9 and 3.9 cm for the consecutive 1 hr. period. The 1
hr UG can be approximated by a triangle of base 6 hr. with a peak of 50 cumec occurring after 2 hr. from the

beginning. Compute the flood hydrograph assuming an average loss rate of 9 mm hr and constant base flow
of 10 cumec.’13 '15 What is the area of watershed and its coefficient of runoff?'05

1 Yo
@he peak of flood hydrograph due to a 3 hr. durationisolated storm in a catchment is 270 m?*/s. The total

depth of rainfall is 5.9 crn. Assuming an average infiltration loss of 0.2 cm/hr. and a constant base flow of 20
m’/s. Estimate- P

(i) The peak of the 3-h unit hydrograph (UH) of this catchment

(i) If the area of the catchment is 567 km’, determine the base width of the 3-h unit hydrograph by
assuming it to be triangular in shape.’0%

30cm well fully penetrates into a confined aquifer 30m deep. After a long period of pumping at a rate of
1200 Ipm, the drawdown in the wells 20m and 45m from the pumping well are found to be 2.2m and 1.8m

respectively. Determine the transmissibility of the aquifer. What is the drawdown in the pumped well?"10 08
‘07

2

¥ ‘30cm well fully penetrates a confined aquifer 50m deep. After a long period of pumping at a rate of 1800
Q:(r?‘ \ Ipm, the drawdown in the wells at 15 and 45m from the pumping well are found to be 1.7 and 0.8
respectively. Determine the transmissibility of the aquifer. What is the drawdown in the pumped well?'06

'/\ 25 cm well penetrates 30m below static water level (GWT). After a long period of pumping at rate of 1800
Imp. The draw down in observation well at 13 m and 38 m from the pumped well are 1.2 m and 0.5m’

respectively. Determine i) The transmissivity of the aquifer ii) the draw down in purped well assuming
R =300m. 11

e e e e e e e
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42) In a hamogeneous isotropic coafined aquifer of constant thickness of 30 m, specific retention of 4%. oy
. . S TP
Hydraulic conductivity of 20 m/day and specific yield of 16%, two observation wells 1000 m apart indica

piezometric head of 7.6m & 5.4 respectively above M.S.L. Determine the actual‘xQQQLY_i'_LP—ULes and _
Reynolds number for the flow assuming uniform flow, average grain diameter of sand 1 mmand  warer =

001 cnff"/s.' 12

A well with a radius of 0.5m, completely penetrates an un-confined aquifer of thickness 50m and
K=30m/day. The well is pumped so that the water level on the well remains at 40m above the bottom.
Assuming that pumping has essentially no effect on water table 2t r=500m. What is the steady rate
discharge?09

-’%@ 20cm diameter well penetrates fully a confined aquifer of thickness 25m. When the well pumped él arate

@ ’ f 200 lit/min, the steady state drawdown in the two observations wells located at 10m and 100m distance
from the pumping well are found to be 3.5m and 0.05m respectively. Calculate rhe permeability and
transmissibility of the aquifer.’08

- !

In a certain place the average thickness of the confined aquifer is 30m and extends over an area of 800 km
The piezometric surface fluctuates annually from 19m to 9m 2bove the top of the aquifer. Assume a storage

Q Q coefficient of 0.0008. What ground storage can be expected annually?*06
Q\/ ssuming an average well yield of 30 m*/hr and about 200 days of pumping in a year, how many wells can be
drilled in the are2?"u¢
an area of 120 ha, the water table dropped by S If the porosity is 28.0% and the specific retention is
9.0%. Determine the specific yield of the aquifer and change in ground water siorage.

@. n artesian aquifer 30 m thick has a porosity 25% and bulk modulus of compression 2000 kg /cm®. Estimate
the storage coefficient of the aquifer. What fraction of this is attributable to expansibility of water? Assume,
Bulk modulus of elastizity of water 2.4 x 10* kg/cm?.711 14

{b('o 49) A 30 cm well penetrating a confined aquifer is gumped at a constant rate of 700 Ipm. The draw down at an
L}
7

@/ observation well at a radial distance of 100 m is a< follows'1° .
C

l’_T:'me in davs

[ Drawdcwn in m
Determing the aquirer para:

%/LSO) A well of 0.5 m diameter penetrates fuily into 2 contine aquifer is pumped at a constant rate of 1200 Ipm.
6)" The drawdown at an observation well at a radial distance of 30 m is as follows: 13 :

Fﬂ?ﬂ?in) _1']—:_5‘[3‘5"‘} 5 l""d‘ | 20 | 50 [ 100 [ 200 | 500 | 1000 |
A Crawdown(m) [ 02 | os o8 | 12| 18| 25 3037 ] aa | 50 |

Falculate the aquifer parameters by using Cooper and Jacob method.

Inan area of 100 ha the watar table dropped by 4.5 m. if the porosity is 30 % and the specific retention is
% 10%, determine (i) the specific yield of the aquifer and (i) change in ground water storage. ‘15

7 @\ well is pumped at the constant rate of 8 litres/sec. A match of the well function [ u versus w(u)] with
X drawdown versus time data from an observation well located at a distance of 450 m from the pumped well
has produced the following matching values: u=1, w(u) = 1, s = 0.21 m, r¢/t = 2055 m?/min. Calculate the

@ 7 transmissibility and storage coefficient of aquifer. Also estimate the drawdown in the well at the end of 10
days of pumping.’14 '15

———————

: M W)
ox 1077 g 4na T
L 7w 0 T Tasy T
I@ well of Q.> m dnamiter penetrates fully into a confined aqu:fer of thickness 20 m and hydraulic
Q_ ; onductivity 8.2 x 10" in/s. What is the maximum yield from this well if the draw down in well is not to

; exceed 3 m? The radius of influence may be taken as 206 m. 13
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Flood Roub’rg.

During the construction period of 10 years of a reservoir, a cofferdam is required to be constructed with a

capacity to take care if 5'years floods. What is the probability that (i) the flood will not occur at all and (i) it
will occur twice during the construction period? ‘12

From the analysis of available data of annual flood peaks of a small stream for a period of 35 years, the 50
vear and 100-year flood have been estimated to be 660 m*/sec and 740m*/sec using Gumbel’s method.

Estimate the 200-year flood for the stream. The values of mean v» and standard deviation o, for different
period of flood data are as follows:"10

n 35 50 100 |
' Vn 0.54034 0.54854 0.56002
O 1.12847 1.16066 1.20649

river is dry for 5% daysin a year. A crop requiras 115 days water supply from this river for its base period

of 120 days. What is the probability that the crop will fail in a year? What is the probability of failure in 4
1 years? ‘09 ‘ -

—

he analysis of annual flood peaks of a stream witﬁ 60 years of record indicates that the mean value of the
annual peaks is 2264 m*/sec. The standard of the peaks is 340 m*/sec. ‘09

(i)Find the probability of having a flood next year of magnitude equal to or greater than 3170 m’/sec

(ilWhat is the probability that at least one flood of such magnitude will occur during the next 25 years.

he annual peak flood discharges recorded at a stream gauge site for 19 years during the period of 1961 to
1979 in m¥/sec is given below.
3950,6790,7660,4220,2820,5600,7050,5280,5200,4360,6970,6240,4960,5890,5980,3590,6860,7210,5270,

Construct the frequency curve and hence find the flood peak with a return period of 50 years and 100
years.'09

.The analysis of a 30-year flood data at a point in a river yielded x=1200 m*/sec and S,=650 m*/sec. For what
discharge would you design the structure at this point to provide 95% assurance that the structure would
noi fail in the next 50 years for n=30, y,=0.53622 and 9,=1.11238'07

he analysis of 30 year flood data at a point on a river yielded ¥ = 1200 m?/s and S, = 650m?/s. For what
discharge would you design the structure at this point to provide 95% assurance that the structure would
not fail in the next 50 years? The values of Vn and o, for arecord length of nyears are given below: 13 11, COF

[ n ST R TN I B R
Vi 0.53622 054034 | 054854 | 056002
o, 1.11238 1.12847 |  1.16066 _+ 1.20649

\/ _ B
é om the analysis of available data on annual flood peaks of a small stream for a period of 35 years, the 50
ear and 100 year flood have been estimated to be 660m?3/s and 740 m3/s using Gumbel’s method.
Estimate the 150-year flood for the stream. The value of ¥; and ¢,, for a record length of n years are given

b

€| Time (h) 0 | 12 | 24 | 36 | 48 | 60 | 72 | 84 | 96 | 108 | 120 [ 132 | 144 | 156 180

I'Uinflow(in?/s) |22 | 35 | 78 | 262 [ 332|278 | 230 | 188 | 152 | 123 [ 100 | 80 | 69 | sg a6
‘low’lz N

L J

/7

62) Route the flood hydrograph given below through a channel reach and derive the outflo

w hydrograph. The
value of k and x for the reach may be taken as 12h and 0.278 respectively. 07
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| Time (h) 0

4

3

12

16

20

[ inflow(m3/y) | 42

68

115

164 .

194

200

| 26 | 40 [aa ]38 [ 52 |56 |
192 | 170 | 180 | 128 |

5 88 | 74 [ 62 | 54 |

f the atmospheric pressure, tamperature and vapor pressure of the atmosphere are 1005 mb, 28" C and
15.873 mm of mercury. Determine relztive humidity, dew point temperature and the density of the
atmosphere. Given for 28°C, e,=37.796 mb. 0,

i

A surface float took 10 sac to travel a straight run of a stream of 20 m. What is appropriate mean velocity of
the stream? If a velocity : ¢ had been used, what time it would have taken to travel tha same run? i4

-

ragibce 13

| S
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Groundwater

9.1 INTRODUCTION

In general, the term groundwater or subsurface water refers to the

AN
’w water that occurs below the surface of earth. The main source of groundwater

()AWW\J?‘N

is]inﬁluaxjon.ﬁhe infiltrated water after meeting the soil moisture deficiency
percolates deeply and becomes groundwater.fThe groundwater is free from
{pollution and is very useful for domestic use in small towns and isolated

farms. (it can be made available at 2 small capital cost an in_lcast

pp_ﬁ)le ﬁmclﬁn arid regions, groundwater is often the only feliable sourd

of water f@r irrigation)[Groundwater has been an impontant watc%s%c
throtghout 1 - Like any other natural resource, groundwater is also

not unlimited. They must be wisely managed and protected against undue
exploitation and contamination by pollutants or salt water. The subject of
groundwater attracted the attention of agricultural engincers, civil engincers,
geologists, geophysicists and scientists from various other desciplines.
Excellent books are available on the subject. This chapler presents an
elementary treatment of groundwater as a part of the hydrologic cycle.

The foxmation below the earth’s surface is divided into two zones

by an! irregular surface }:alled the water table. At all points on the water
- —— % . T —— .

table the pressure is atmospheric. The zone between the ground surface and
the water table is called Lhe];nsatum:ed zone or the vadose zone. |In the
vadose zone the soil pores may contair either air or water or both.Hence
%t 1s also cal . C zone ol aerauon. (vide Fig 9.1). Water in this zonec
is held to the soil particles by capillary forces. Thus, while this water is
able to move within the vadose zone, it cannot move out of the zone into
wells or other places that are exposed to atmospheric pressure.ﬁlhe zone
below the water 1able all the soil pores are completely fiiled fwith water

_and hence it is called thelzo

C\zone of saturation or the phreatic zom.:._—{l" he phreatic
zone may extend to considerable depth, but as the depth increases the weight

276

GROUNDWATER - 2n

of overburden tends to close the pore space and relatjvcly[ﬁtue wat;)_i‘s
found at depths greaterThaTB km. Bince the water in the Phrealic zone
is under prcsSure more than atmospheric, if a hole is dug in this zone wau':r
begins to flow into the hole whereas it is not so in the vadose zone. It.xs
this water in the phreatic zone which moves freely under the force of gravity
that is@tually called the groundw@t}g occurrence and {novement of
which-are the topics'for discussion in this chapter. The water in the vadose
zone is of interest to agronomists and agricultural engineers.

Ground surface

I . I
Soil-water
zone :
I
@
-
o
. 2
5 c P Intermediate pe
0.9 vadose 4
g .é zone 3
N Y >
ngﬂlory
°nf Water table )
- N\
=
o = -
e 09 >g g.?
c5 £ £ g
o =
N O 3 %
(4] 6 O
\ 7
! Impermeable
H rock
1

Fig 9.1. Definition sketch of zones of saturation znd zeration.
9.2 OCCURRENCE OF GROUNDWATER

Groundwater occurs at various locations below the earth’s surface
depending on the physical properties of various formations that exist.
Fig.I 9.2 is a typical cross-section of the earth’s crust showing the occurrence
of grounwater.

\,Aérer. Formations which/contain groundwater an

which are sufficiently [permeable \to transmit and yield water in usable

—

quantities are called the aquifers. They may get recharged directly from above
-tﬁr?ugh the processes of precipitation and infiltration, or they may have
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the recharge area scmewhere else on the earth’s surface. The amount of
water contained by the aquifer depends on m@r the aquifer

. , . ;' z

formation while the amount of water that it can yicld depends on its e ¢
permeability. v £¥ f
& :

confined Aquifer. An aquifer havin@ws_ﬂl_lsd 4
an unconfined aquifer. For this aquifer water table Serves as the upper surface
of zone of saturation while a less permeable or essentially impermcable layer
defines its lower boundary. The impermeale layer underlying an unconfined
aquifer may be made of clay, shale, solid limestone, igncous rock or bed
rock. Unconfined aquifer is also known as a free aquifer, phreatic aquifer,
water table cquifer, or nonartesian aquifer. The water table is an unconfincd
aquifer varies irfundulatingj‘oﬁ}and in slope, depending upon the arcas
of recharge and discharge, pumpage from wells and its pecrmeability. A well
driven into an unconfined aquifer will indicate a static water level
corresponding 1o _the water table level at that location,

\

L

WATER
TABLE WEL

. C_OPJEINE"O AQUIFER *

- UNCONFINED AQUIFER “-". -

e T Pt 5 e

fized Aquifer. When an aquifer is sandwiched between two layers
of much less permeable material then it is called a confined aquifer. For
example, a sandy layer between two clay layers, sandstone laycr between
two layers‘gfvshalc etc. Itis also @LVL as a pressure aquifer, or an artesian

aquifer. Confined aquifers are Compleicly ﬁllc?a,\vith water and they do not
(Chave a frec water @blenThey will have recharge atr;as(orn'cm;:% n the

PIEZOMETRIC SURFACE OF

CONFINED AQUIFER
" FLOWING WELL

£ A

f—’————’—/ A
earth surface. The water in confined aquifers will be{under pressur® and

the pressure condition in the aquifer is characterised by the piezometric
Strface,which is the surface obtained by connecting equilibrium water levels
in the tubes or piezometers penectrating the confined aquifer (Fig 9.2). A
horizontal surface in level with the water table at lh-.:may
be taken as the approximate piczometricsufface of a confined aquifer. (i(
a well penetrates into the confined aquifer, water level in the well will rise
to piezometric level. If the piczometric level at the place of the well is above
the upper confining layer the static watcr level in the well will be above
the aquifer. Such a well is called an aftesian well J{ the piezometric sqrfacc
at the place of the well is above the ground cvel, the confined aquifer will
yield a free-flowing well also known simply as a flowing well. A well |
penetrating into an unconfined aquifer, on the other hand, is called a water

table We”é'hc groundwater can also move 1o ground surface through natural
passages like faults or sinkholes, where it then produces a spring.

IMPERMEABLE
ROCK STRATUM

.l/ig 9.2. Groundwater in confined and unconfined aquifers.

RECHARGE AREA
IBEEL
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Acuiclude. A geological formation which san.;r;@and _w_}:%:ilr;m-y_
contain ‘lqarge amount of water because 9_Vf_iLs_tl_igjx_porosx1).{_?5‘;,9311;‘3?E iagl‘é:
water as it i, relatively im rmeablo) is called an aquiclude. A ciay fay
is an example of an aquiclude.
Aquitard. It is afsaturated | geological [@aﬁon) which 1stoor1'y
permeable and hence it does not yield water freely to wells. It m@y msnm:;t
“vertically appreciable quantities of water 10 0f from adjacent aquifers. Sandy
clay is an example of aquitard.
Aquifuge. An impervious geological formation vyhich nei.mer contains
nor transmits water is known as an aquifuge. Solid granite rock is an example
of aquifuge.

Leaky Aquifer. An aquifer bound by{one or two aquitards is called
a leaky aquifer or a semi-confined aguiier.

L/gerched. groungwater. ¥/hen a groundwater body. is separated from

% main groundwater by a relalively of small anrea'l
extent and by the zone of acration above e mw,
Jtis called perched groundwater (vide Fig 9.3). Wells tapping groundwgter
from these sources yield only temporarily or small quantiies of water.

PERCHED

/— WATER TABLES

IMPERMEABLE
STRATA

WATER TABLE

Fig 9.3. Perched water table.

Influent and Effluent Streams. If the water table of an unconfined
aquifer intersects a surface stream, then aquifer contributes water 10 the
stream. Such a stream is called an effluent stream. If a surface stream runs
well above the water table, water flows from the stream to the aquifer. Such
a stream is called an influent stream (vide Fig 9.4). Most of the flow of
perennial streams in non-rainy periods originate from groundwater when
they behave as effluent streams. Likewise a large part of the flow of
ephemeral streams (which go dry during prolonged rainless period) may
percolate and become groundwater.
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(a) : _—

VIATER TABLE

(b) INFLUENT ’

.||’

Fig. 9.4. Effluent and influent streams.
53 AQUIFER PARAMETERS -

An aquifer has the ability to@nd transmit)water. The quantity
of water stored by an aquifer and the quantity of water released by it cepend
on the nature and composition of the aquifer which are quantifisd through

cerian parameiers like porosity, specific yield, storags coefficient,

p;rmeabili!y and transmissivity. These aquifer parameters are now briefly
discussed.

Porosity. The ratio of volume of pore space, V, to the volume of

the formation V is called the porosity, usually denoted by n. Thus we have
V.

n= = 5

v . O.1) 1
Il:l ulncor.lsoiidated materials, the porosity depénds on the shape and size
dlsmb‘unon of the particles and their packing arrangement. The original |
porosity of a material is that which exisied at the lime the material was
formed. Secondary porosity results from fractures and solution chznnels.
' Original porosity can be measured in the laboratory using an i
unfixsturbed sample. The sample isovendricd and its weight v; measured
It is then saturated with some liquid (the liquid may have to belforced int:;
!hc mple under pressure to ensure compiete saturation) and its weight w.
15 again measured. Finally the saturated sample is immersed in a vcsscf
contzining ".hc same liquid and the weight of the liquid dispiaced by the
samole, wy is noted. The weight of ligoid required to saturate the sample,
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HYDROLOGY i of water released from or taken into storage in this case is because of the : 1
elastic response of the aquifer, confining beds and water 1o the pressure ](
’ A L hanges. ‘ |
282 . : displaced by the : ¢ !
vider by the weight of mfh:?;:ple- I;viulliplication " ;
that is (Wp— 1), e is the porosity ot ndary porosity UNIT CROSS -SECTIONAL i
san;rated sample, that 13 W:;h porosi')’ by percentage. Seco ol o occtne \ AREL |
. : 1 ives the Y Sample. . i
of this ratio with 1310 \%ithoul an impossibly large , 0 of th ‘ SuRFace L _H:?T‘ Shrraee UNIT CROSS - l
cannot be measur . ield of an aquifer is the rauo of the ‘ ﬂ 4:7 UNIT oEcLing 1y - [ SECTIONAL ARgA j
Specific Yield. The specific fyl eily from the material 10 the volume 2 az gl |
ccLit A : in fre
which will drain
volume of waler

WATER TABLE -, -
I TER TABLE
of the formation. Therefore,

" w 9.2) ' IS R A \j—

- WATER TABLE

7

i ific vield. Values
i the volume of water drained and S, is the speC
where w, 18

T
|
V| " aoliFer .- - AQUIFER |
Tstributi f pores and | S o
e and distribution oI P 1 ‘
i m grain Size, shape a7 e-grained aquifcrs will |
of specific yield dc;;cnd;ﬁov%r Specific yield ot ﬁr}u-grain?gc ;}icld. i D .
sumpaction qf e Oefm aine(i material will have high Spec o in the smali ‘ T oy e
be smal "Nm?e <(:i(r)::grsletigrsome water will always be Ic:ilenof wAaLer drained
the material Is : ensiomyand therefore the volul L i . N , |
POl T underkeE = me of pore spaces. That1s w, < Yy Fig. 9.5. Definition sketch of storage coefficient.

. 10 the volu L ) ' L
will never be qu is always less than porosily. _ The_storage cocfficient of a confined aquifer will be very small in
the specifje-yield 18 ific retention S, is defined as the ratio the range o 000005 o0

o~ $ eClLil r
v{peciuc Retem.on.ezlsespw in the material to the total volume of
ter rets PR
of the volume of wa

» Indicating that large pressure changes over
exlensive areas are required 1o produ

coefficient of unconfined aquife

ce substantial water yields, The storage
o Thus
ial is dewatercd.
. a saturated material
the material, when

r on the other hand is usually large and of
the order 0.01 to 0.3,
o . 93) _ -
S, = - Permeability, The permeability of a material is g measure of its
v lume of water which is the Capacily to transmit water or any other _fluid through jts interstices.
Since w, and w, together 'c_onsmute the lol:':lC i‘;i()c retenljon. and the specific : Groundwater is transmitted lhr.ough aquit‘e_:rs at very small velocities ranging
total po;c space, it is obvious 'ﬂ'mt the sp: represents the porosity of from 1 to 500 m/year. The laminar flow pninciples are shown to be applicable
ield are complimentary quantities whose surn rep 4 - for the flow of groundwater in aquifers by Darcy. The Darcy's law staies
y fer. That means, 9 that the rate of flow Per unit area of an aquifer is proportion® 1o the gradient
the aquifer. o5 +§ . (94 of the potential head measured in the direction of flow., Since the velocities
= Y y ' : ’
" . lume are so small that the velocity heads are neglj ible the gradient of th tial
g ent § is defined as the vo : ( glig gra e poten
v;{,-age coefficient. The sm{mge Coeff"”s‘?;[i ls _ i-surface head equals the hydraulic gradient. And sinc
i eleases ‘from or take fined i
of water that an aquifer re in

1 t i f an unccn
area of the aquifer per unit drop of water table in the case o

«“ » the Darcy’s law may be written as

! e i the case of a confin - . dh

aquifer and per unit drop of piezometric surface in the cas '+ cocfficient . V=Ki=-x @ - (9.5)

aquifer. It is also known as storativity. The concept of storag 3 . : V

is better illustrated through Fig 9.5. . Whﬁ:e the constant of proportionality K is known as the hydraulic conductivity

- e \ _ in water table wa or the coefficient of permeability, v is the velocity of water through rus

s e e 156 o s, “Theilons o 5 e medium, and ; or dh/al s the hydraulic gradions 1. in indie
i enters or leaves L c

!L)t:‘cysgtcc?rl;{gc ncc;fﬁciem equals the specific yield. Fig 9.5 (@) shows !

i c : i zomech : ;
sitation in a confined aquifer. When there is a change in the .1;‘.)10 o 3 ‘

surlace it does not represent the water relcased from the aquifer volume - 3

a conflined aquifer remains completely saturated at all times. The |
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DATUM PLANE

Fig 9.6 Head loss in flow through porus media.

law follows from. a simple experiment

. . Darc 'S .
The verificaion of ; 1li energy equation for the two sections

shown in Fig 9.6. Apply_'ing Bernou
where piezometers are inserted

Vv . (9.6
p Vi P2 + {E + h 9.6)

where p is pressure, Y is the specific v{eight.of water, Vv :15 Lhem\;eiioc;lsy 1}?:,
flow, g is the acceleration due to gravity, z 1S d_le elevauotréd ab ) 315 e
head loss. Subscripts 1 and 2 refer 1o the two sections separa al)ll R e
L. Neglecting the velocity heads as they will bc very very sm

to other terms and on Tearrangement we obtain

T .. 9.7
= (e n)- (3 2) o

; . . . e
which shows Mat the head loss is independent of the mchnaqond;)tic ﬁy
cylinder. Dércy’s experiments showed that the dls'chargc Q1s el
proportional to head loss /; and area of flow, and inversely propo
to the length L. That is

h h
Qu%.hL; or g1.1—"; or va —.

; ’f!' tends
In the limiting case as the two sections become closer apd closer, L -

' S dh . vk g the
10 %hi' Introducing a constant of proportionality, v = - K £ which 1s the

: ulic
Darcy’s law. In Eq. (9.5), if % equals unity v equals K. Hence the hydra

: an
conductivity may dlso be defined as the rate of flow per l}ﬂll mﬁéﬁi is
aquifer under ‘a unit hydraulic gradient. Since hydraulic gra

GROUNDWATER 285
dimensionless, if follows from Eq. (9.5) that the hydraulic conductivity has
the same units as velocity and can be expressed in cm/s or m/s. But when
hydraulic conductivity of aquifers is expressed in these units the value will
be very small and therefore it is usually expressed in m/day.

The velocity v in Eq. (9.5) is variously known as the Darcy’s velocity,
discharge velocity, or apparent velccity. It is based on the assumption that
the flow occurs through the entire cross-section of the material without regard
to solids and pores. Actually the flow is limiled to pore space only. Thus
if v, is the actual velocity, one can write

0=A.v=A4.v,
where A, is the area of the pore space. Hence

v zv. A Vv |
a A,  (AJA)
But the ratio A /A may be taken 10 be approximatcly equal 1o the porosity
of the material and can be replaced by n. Therefore, we have

_V
v, =2 .. 98)

Since the pore space vary continuously with location within the medium,
the actual velocity is non-uniform and varies from point to point.

The Darcy's law is found to be valid for the flows with Reynold’s
number less than unity . The Reynold’s number R, is given by

vd
= ET“’ .. (99)

where p and p are the density.and viscosity of the fluid, v is the Darcy’s
velocity and d,, is an effective grain size. The Darcy's law does not depan
seriously upto R, < 10 which may be taken as the upper limit Most
groundwater flows occur with R, < 1 and so Darcy’s law is applicable.
Deviations from Darcy’s law can occur where steep hydraulic gradients exist,

such as near pumped wells and in formations with large underground
openings.

e

The hydraulic conductivity is dependent on both the properties of the

. fluid and the properties of the medium. It can be proved that X is given by

d2
K = C—ppg — (9.10)

where p and  are the density and viscosity of the fluid, g is the acceleration

due 10 gravity, d is the average pore size of the medium and ¢ is a factor -

accounting for the shape, packing and other characteristics of the material
in the medium. The intrinsic permeability which is the property of the medium
only and which does not depend on the fluid properties is given by
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c o KB g A - (9.11)

P&

where k is the intrinsic permeability, and K is the hydraulic conductivity

for the given fluid with properties p and p. It can be_ seen that £ has the
units of area. The customary unit of k is the darcy which is equal to 0.987

x 10" 2 m2. The intrinsic permeability is not used in groundwater studies.
It is mainly applied in the petroleum and natural gas industries w!ﬁch deal
with underground flow of fluids of different viscosity and density including

liquids and gases.

The hydraulic conductivity can be measured in a laboratory using
permeameters. The values obtained through laboratory tests are not truly
representative of the actual hydraulic conductivity in the field. This is because
undisturbed samples of unconsolidated materials are difficult to obtain, while
disturbed samples experience changes in porosity, packing and grain
orientation. Also, flow in solution cavities or rock fractures, and the effect
of large boulders in gravel aquifers cannot be duplicated in a laboratory
sample: The average hydraulic conductivity of an aquifer for a large area
around the test well can be determined from pumping tests using the
principles of well hydraulics that are discussed later in the chapter.

Table 5.1 gives the approximate average values of porosity, specific
yield and permeability of some typical materials.

Table 9.1. Approximate average porosity, specific yield and permeability of
various materials

Specific| Hydraulic Intrinsic
Material Porosity | yield | conductivity permeability
% o m/day darcys
Clay 45 3 0.0004 0.0005
Sand : 35 25 410 50
.Gravel 25 22 4100.0 5000
Gravel and Sand 20 | 16 4100 500
Sandstone 15 8 4.10 5
Dense limestone and shale 5 2 0.041 0.05
Quartzite, granite 1 0.5 0.0004 0.0005

’ljransmissivity. The transmissivity of an aquifer is also known as
_{gﬂ:ﬂ:ﬂ;ﬁlﬂy. It is the product of the hydraulic conductivity K, and ‘the
1_clc‘ness of the aquifer b and is expressed in units of m®/day. If we
'copmdfer a unit width of an aquifer of thickness b, the discharge thiough
it is given by = L

v

_A

GROUNDWATER

Q = Area x Velocity = (b X 1) x K(—%)
d

0 =Kb (_“’1—’;) =T (-Z—’;) w 912)

where T = Kb is the transmissivity. When the hydraulic gradient equals
unity, the discharge is equal o T itself. In other words, the transmissivity,
of an aquifer may be defined as the discharge through the aquifer of one
metre width under a unit hydraulic gradient. The value of T ranges from
about 12 ‘m?%day ' to about 1200 m?/day depending on the type and
thickness of the aquifer. It is usually evaluated from the pumping tests.

Example 9.1. An undisturbed rock sample has an oven dry weight
of 0.655 kg. After saturation with kerosene its weight is 0.732 kg. It is then
immersed in kerosene and found to displace 0.301 kg. What is the porosity
of the sample ? ,

Solution. Oven-dry weight w, = 0.655 kg
Weight of saturated sample w, = 0.732 kg
Weight of kerosene required to saturate the sample
= (wz—wl)
0.732-0.655 = 0.077 kg
Weight of kerosene displaced by the saturated samplle
w, = 0.301 kg
Porosity of the sample n = (__wz-wl)
w3
_ 0077
0.301
= 25.58%

= 02558

Example 9.2. When 3.68 million m’ of water was pumped out from
an unconfined aquifer of 6.2 knt areal extent, the water table was observed
to go down by 2.6 m. What is the specific yield of the aquifer ? During
a monsoon season if the water table of the same aquifer goes up by 1 08m
what is the volume of recharge.?

Solution. .

Water released from the aquifer = (62 x 10°) x 2.6 X s,
Water pumped out =368 x 10° m*
Equating these two quantities s, = 6;:82 = 02283

-, Specific yield of the aquifer = 0.2283 or 22.83%
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2%8

=62 x 10° x 108 x %

= 62 x 10° x 10.8 x 0.2283
15.287 million m’.

Volume of recharge

Example 9.3. The water table levels in two observation wells 350 m
apart are +210.5 and +206.25 m respectively. If the hydraulic conductiviry
and porosity of the aquifer are 12.5 m/day and 15 per cent, what is the
actual velocity of flow in the aquifer ?

Solution. v = K (—@)
dl

206.25-210.5
- 125 x [ (206:25-210.5)
v = 125 X [ 0 ]

= 0.1518 m/day

v _ 0.1518
=-=—=——=1012
Va =3 0.15 012 m/day

. The actual velocity in the aquifer = 1.012 m/day.

Example 9.4. A sample has a hydraulic conductivity of 10 m/day:
What would be its intrinsic permeability ? What is its hydraulic conductivity
in cmis ? What would be its hydraulic conductivity at 30°C ?

Solution. &k = p 40
pg
K =10 m/day = 0.011574 cm/s

p = 0.01 gm-cm/s

p =1 gmkc.
g = 981 cm/s?
0.011574 x 0. ‘
k= —98—13‘—0@ = 1.17982 x 10~7 cm?

But one darcy = 0.987 x 1072 m? = 0987 x 10~ cm?

_ 117982 x 1077
k=222 1Y - 11,954 darc
0987 x 10-8 N ¥

Inrinsic permeability of the sample = 11.954 darcys
Hydraulic conductivity in cm/s = 0.011574

From Eq. (9.10), K = 4" pg ‘
m

= %-—Cdzg = Cd_zg
(U/p) v { 1
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where v is the kinematic viscosity. Thus for a given pours medium the
hydraulic conductivity is inversely proportional to the kinematic viscosity
of the fluid. Therefore, we have

v
KD o k=k.*

K, v v
where K, and v, are the hydraulic conductivity and kinematic viscosity at
some temperature ¢ and K and v are the hydraulic conductivity and kinematic -
viscosity at standard temperature of 20°C. .

“k. Y =10x 0L - 125 m/da

Ky = K-~ = 10X 5008 fday

(Since kinematic viscosity for water at 20°C is 0.01 cm?/s and at 30°C,

it is 0.008 cm?/s) ’
-, Hydraulic conductivity of the sample at 30°C = 12.5 m/day.

9.4 GROUNDWATER MOVEMENT

Groundwater moves very slowly in the aquifers under differential head.
A groundwater basin in filled and the excess walcr is discharged by several
ways until a quasi-equilibrium is reached. All the perennial streams are
generally effluent through at least a portion of their length gathering
contributions from groundwater. When the water table is close to the surface,

‘groundwater may be discharged by direct evaporation and transpiration. TL..

groundwater movement in aquifers is governed by the established hydraul-
principles. The theory of groundwater movement is based on Darcy’s law.
The study of groundwater movement helps in predicting the yields from
a well and the effects of future pumping, evaluating aquifer paramelers,
defining the aquifer boundaries, analysing the salt water intrusion problems
etc. The theory of groundwater movement around wells is commonly termed
the well hydraulics. There are two cases to be considered ; steady stale
and unsteady state flows. The steady state case rarely occurs in practice
but the conditions after a prolonged pumping from a well may be
approximated as steady state. The unsteady state case, or the transient flow
case is of more practical significance. The following sections deal with steady
and unsteady radial groundwater flow towards wells.

9.5 STEADY RADIAL FLOW TO WELLS

"The analysis of groundwater movement will be greatly simplified if
the vertical flow components are neglected and the groundwater is assumed
to move primarily in a lateral direction. Accordingly the following assumption
are made in the theory of groundwater movement.

1. The flow is horizontal and uniformly distributed in a vertical section.

2. The velocity of flow is proportional to the tangent of the hydraulic
gradient instead of sine of the hydraulic gradient.
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The above two assumptions are called Dupuit-Forchheime,

assumptions. In addition, the derivation of the steady flow discharge equation

generally assumes the following.

3. The well is pumped at a constant rate.

4. The well fully penetrates the aquifer. (Equations can be derived
for partially penetrating wells also. They are not discussed in this book),

5. The aquifer is homogeneous, isotropic, horizontal and of infinite
horizontal extent.

6. Water is released from storage in the aquifer in immediate response
to a drop in water table or piezometric surface.

Though the above assumptions are not strictly valid in all cases, they
are required for making the analysis simpler and easier.

Steady Radial Flow to a Well in an Unconfined Aquifer. The flow
system around a pumped well in an unconfined aquifer with an initially
horizontal water table is depicted in Fig. 9.7. The thickness of aquifer is
H and the well fully penetrates the aquifer. \

If water is pumped at a constant rate from the well, a gradient in the
water table towards the well is created which results in a depressing form

_ of the water table. This is called the cone of depression. After a sufficiently

long Lime when the contribution from the aquifer to the well is equal to
the rate of pumping, the shape of the cone of depression remains fixed in
space and will not change any further. When this condition is attained the

flow is said to be steady. In practice this condition is rarely fulfilled and °

for the ease of analysis a steady state flow is assumed if the changes in
water table elevation have become negligible with time. The decrease in
the water level at the well is called the drawdown. If the drawdown is small
compared to the thickness of the aquifer, the streamlines of the flow to the
well may be assumed to be horiz%mal.

w@zﬁ'ﬂ =7 [ 777 <=z ran TSI TS

[ORIGINAL WATER TABLE

. CONE OF =~
DEPRESSION -

Fig. 9.7. Steady flow to a well in an unconfined aquifier.

1
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In a stcady state radial flow, as shown in Fig 9.7, the depth of flow ;

at any radial distance r from the well is h, and the area of flow at this
section is 2xrh. According to Darcy's law the vclqcnly of flow v is given
by V = K.i, where i is the hydraulic gradient. Since |.hc 1angent of the
watcr table is taken as hydraulic gradient, the velocity at this section becomes

1{.%&, and the discharge is given by
r
Velocity = 2 7h.K .3
Q = Area X Velocity = K.
.0 &
or h.dh = K" 7
Integration of the above equation with the known boundary ¢ -
at the two observation bores yields. '

r‘z hodh= 2 [

hy 2nK n'’’
(hP-b) _ g )
2 K (r)

_ Ky~ hy)

or
)
Ty .
where h, and h, are the water levels 1n the two observzfﬁon W
at the radial distances 7y and 75 respectively from lh.e main weil ‘
at which the cone of depression just commences 1S known as

of influence denoted by R. If the radius of inﬂugncc is kno“fr_\, th-
can be computed, even in the absense of observation wells using t:

condition at the well. That is
| K (H - h2

R
In (—)
r,_ »
where h_ and r,, are the water level in the well and radius
- w w h
% (H2+ “).(H—h,). And -

(H + k)

respectively. But K (Hz—h:) =

| ]

nothing but the drawdown in the well whereas :
as the average thickness of the aquifer. Therefore K (H--_hf‘
where T is the average transmissivity of the aquifer and s, 15 U

in the well. Now the discharge can also be expressed as

o]
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2nTs,, ‘
= —— ..(9.15)

R
In ( — )
rw
The following cmpiri‘cal equation may sometimes be useful to predict
the radius of influence R.

R = 3000 5, VK
where s, is in m and X is in m/s.

Equation (9.13) or (9.14) can be used (for a given drawdown) to
estimate the yield from a well when the hydraulic conductivity is known,
or to estimate the hydraulic conductivity of the aquifer if the discharge from
the well is known,

This equation was derived by Dupuit in 1863 and modified by Thicm
in 1906. It fails to describe accurately the drawdown curve near the well
because the streamlines there are markedly curved, with large vertical flow
components contradicting the assumption. Another serious drawback of this
equation is that the true steady state equilibrium condition required for its
applicability occurs only after a very long pumping period because of the
low velocities of groundwater flow.

\#Bémple 9.5. An unconfined aquifer has a thickness of 30 m. A fully
penelrating 20 cm diameter well in this aquifer is pumped at a rate of 35
litls. The drawdown measured in two observation wells located at distances

of 10 m and 100 m from the weil are 7.5 m and 05 m respectively. Determine
the average hydraulic conductivity of the aquifer. At what distance from
the well the drawdown is insignificant ?

_ Ky~ b))

(2)

w (9.16)

Solution. Q

el K= ———
nh"-h,)
Here  Q = 35 lit/s = 0.035 m¥s

2
#=30m;s =05mand s,=75m
hy=H-5 =30-05=295m

r
r,=100m;r,=10m;In (r-‘) = 2.302585

@ Solution. @ = .

29

‘GROUNDWATER

| B = H-s,=30-715=225m
0.035 X 2302585

K= T@5 + 225(295-25)

= 704745 % 107° m/s

= 6.089 m/day
be the radius of influence where the
K -h)
R il 1

()

7K (H2-h?)
K -h)

In (—R‘) =
3 0 S
1 x 704785 x 107 (0°=29.5)
0.035

' drawdown is zero.
Let R

Then Q

= 0.1882
R _ 1207

n
g R = 1207 x 100 = 120.7 m. l
. netrales
Example 9.6. A well with a radius of 05 r-r_t ;gn”zzfie;;fyﬁee e
. unconfined aquifer of thickness 50m and'K ;:40 el
s d so that the waler level in the well remains i = i
b ; that pumping has essentially no effect on wa
Assumun :
_ m, what is the steady-state discharge.
| K (H b))
gl o A

(%)

r =0.50m;
hw=40_m‘| w

R _-—.500m:_
Here}1=50m'v

K = 30 m/day. 3
1 x 30 x (5040 _ 12279387 m'/day
ST
(03)
Z0.1421225 m’/s
= 142.12 liv/s. s
i e
\/@adm Flow to a Well in a confmedf?hc::;‘e;s e floy
ound a well penetrating fully into a c_onﬁned aquulffg c?:se et of e
ifeady-sme conditions is shown in Fig.9.8.In :
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tewans constant everywhere. The discharge flowing i -
o scction which is situated at a radial distane 7 ;‘ri :l& ::«:v ;fmgh GROUNDWATER |
es |
0 = 2uok I} 2T (H-h,) |
o g=""— . 0.19)
p= L . In ( E—)
2nbK C r _ r, r u
i ‘ . - - u‘ wc
MexTation th i .here h., and r,, are the height of water in the well ard radius o .
the two obsel'\r'alio:l3 z\\vb;\lrse FRERELIRING Snoiye boundary conditions at :;spccxi:ely an(; R is the radius of influence. Since (H —h._,) represents the
. 1 drawdown in the well s,,, the discharge may also be wrillen as
h-hy = =2 (51) 2nTs,, 9.20)
2nkb r 0= :
o Q= m / In (—r——)
. - j i diameter
i (’— ) 2mple 9.7. In an.artesian aquifer of 8 m tluc_k..aTig cm adt et
; | - on; 100 lit/minufe. steady s
L= i issivi well is pumped at a constant rate of _
e Frensmissiviy of the aguifer :-awdown observed in two wells located at 10 m and 50 m distances from
7= centre of the well are 3 m and 0.05 m respectively, compute the
e cransmissivity and the hydraulic conductivity of the aquifer.

. 2T (s, —5,)
Solution. 0 = ———=—

n
" (%)
1 r

. ORIGINAL PIEZOMETRI

\°Rc‘“”°°““ : ! 0 = 100 liymin = 0.00167 m’/s
l r2=.10m;andrl=50m
m('—') = 1.60944
r2
‘ (s,-5) =3-005 = 295 m
el . - - 000167 x L6094 _ | 447 x 107 mss
. L .‘ B or x 295
I TIITTITI T 17777 l/i}ul/// 77777 /I/- \F = 12.5 m2/day

Fig. 9.8. Steady flow 10 a well in a confined aquifer The permeability of the aquifer

In terms of drawdowns in the wells : =T o142 x 107"
0. 2nT (5,-s,) ‘ 3 b 8
In (g ~(9.18) \ . = 1.809 x 107° m/s
‘ rz') LN = 1563 m/day.
In the absence of P \-‘;\ /

} ¢ of observation wells, utilising ) /Example 9.8. A well of 05 m diameter peneirates fully into a confined i
at the well g ing the boundary ; - :
. , conditions aguifer of thickness 20 m and hydraulic conductivity 8.2 X 10 4 m/s. What |

i iz the maximum yield expected from this well if the drawdown in the well
is not to exceed 3 m. The radius of influence may be taken as 260 m.

e A T

| |
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where 5 = The drawdown in m in

70
2rnTs,,

“(2)
rw
[ T = K.b
=82x 107 x 20"
= 0.0164 m?¥s

=3m,

260
0.25

520

Solution. Q =

'3 Pc &
1}

[

In (,i 6.25383
Q = 27 X 0.0164 x 3
6.25383
= 0.04943 m¥s
= 49.43 liys.

9.6 UNSTEADY RADI
AL FLOW
AQUIFER TO A WELL IN A CONFINED

“

. €18 a 0 y be[wee“ “(IW 0Of

g [he [

glOU.lld waler a"d COllduCUOll 0! hea[ a“d 1L 18 baSCd on [hb IOUOWHIU
c

() the aquifer is confined,
(i) the well diameter is very small so
can be neglected, and

(i) the aquifer is dewatered instantan
The equation is given as

Q oo e‘“
J B 5.
inT L o du

that the storage within the wels

eously as the piezometric head drops.

. 021)

an observation i
. 1 1 well at a d
rom the pumping well after ;" seconds since the pumpir:sgt?anecgznr

GROUNDWATER 297
Q = The constant pumping rate from the well in m’/s
T = The transmissivity of the aquifer in %s.
s v
rs 922
and W= ATt .. (9.22)

where S is the storage coefficient of the aquifer. If a time unit of day is
preferred t, T and Q should be expressed in days, mzlday and m3/day,
respectively.

The exponential integral in Eq. (9.21) is symbolically written as W(u)
and is generally called well function or Theis well function. In terms of well
function Eq. (9.21) becomes

2

= w . (923
s AnT w) ©:23)
The well function can be evaluated from the series expansion given by
2 3 4
u u u
W) = {- 0571216-Inu + u-o 4 -+ ] ©9.24)

“he well function is tabulated in Table 9.2. For example, for u = 0.005
1= value of W(u) may be read as 4.73 from this table. In the Theis equation

it is assumed that the confining beds are water tight and do not transmit

any water. But in the case of leaky aquifers there may be considerable flow
tnrough the confining beds. Modified equations have been developcd{ which
+:ke into account such leakage. Equations are also available for unsteady
radial flow to partially penctrating wells in unconfined aquifers. However,
they are not discussed here.

The Theis equation can be used to evaluate the average aquifer
parameters S and T in the viscinity of the well by measuring the changes
in the drawdown with time in one or more observation wells near the pumping
well under the influence of constant pumping rate. Pumping need not be
continued for long duration till the so-called steady state conditions are
attained.

Because of the mathematical difficulties encountered in applying
Eq. (9.21) or its equivalent Eq. (9.24), several investigators have developed
simple approximate solutions that can be readily applied for field puposes.
Three methods by Theis, Cooper and Jacob, and Chow and the Theis recovery
test method are only discussed here.

Theis Method. Eq. (9.22) can be rcarranged to take the form
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2.0
0.000012
0.26
192
4.14
6.44
8.74

11.04
13.34
15.65
17.95

20.25

2255

24.86

27.16

29.46

31.76

16
13.46
15.76
18.07

0.000038
2037

8.0
031
2.03
4.26
6.55
8.86
11.
22.67
24.97
27.28
29.58
31.88

7.0
0.00012
0.37
2.15
4.39
6.69
8.99
11.29
13.60
15.90
18.20
20.50
22.81
25.11
27.41
29.71
32.02

0.00036
0.45
2.30
4.54
6.84
9.14
11.45
13.75
16.05
18.35
20.66
22.96
25.26
27.56
29.87
32.17

0.0011
0.56
247
4.73
7.02
9.33

11.63
13.93
16.23
18.54
20.84
23.14
25.44
27.75
30.05
32.35

0.0038
0.70
2.68
4.95
725
9.55
11.85
14.15
16.46
18.76
21.06
23.36
25.67
2797

3027
3258

Table 9.2. Well Function : Values of W(u) for Values of u
3.9
0.013
091
296
523
7.53
9.84

12.14
14.44
16.74
19.05
21.35

23.65

25.96

28.26

30.56

32.86

0.049
122
335
5.64
794
10.24
12.55
14.85
17.15
19.45
21.76
24.06
26.36
28.66

30.97
33.27

24

15

10
0219
182
4.04

633
8.63
10.94
3.
1554
17.84
20
22.45
24.75

27.05

29.36

3166

33.96

x 1
x 10
x 1072
x 1073
x10°¢
x 10_5
x 1078
x 10-7
x 1078
X 10_9
x 10~ 10
x 107!
x 1072
x 107 B
x 107 ¥
x 10” o

HYDROLOGY GROUNDWATER

’;2 = 4_T 2%
= (5) .‘
¢ Similarly Eq. (9.23) can pe Written a - (9.25)
_e
{ : (4nT)W“‘)

[from Eq. (9

. - (9.3

Comparing these two equations it can pe Soen that the per )]

W(u) and u must be similar to tha between s 5 the relation hepyween
n

d= because |
. Y . [ Se u":e lenn
in lh.e parenthesis in both the equationg are constantg Bt i s
Theis suggested a graphical procedure 1o oblaip z;n ased on thig Similariy

for S and T. approximate solution

The procedure is as follows, Durin
inan observation well is continuously mea
ozn a Lransparent logarithmic paper betwe

£ 4 pumping test the drawdown
sured with time. A curve js plotted
; ' en drawdown s and the values of
T This curve is known as the datg curve. Another curve is prepared on

a logarithmic paper between the values of u and W(u) obtained from

Table 9.2, which is called the type curve. Of course the scale for one lo

cycle.adoplcd for both these curves must be same. The data curve is no»%

supcrm.wposcd on the type curve such that the axes of both curves are parallel

and it is then adjusted until some portion of the data curve coincices with

the type curve. This procedure is called the matching. The cordirates of
2

any convenient point on the matched portion namely u, W(u), - and s are

. t -
determined. Then the values of T and § can be obtained by substituting
these coordinate values in Egs. (9.23) and (9.25).;

] E@mfA 20 cm diameter well penetrating a confined aquifer
1S pumped ar q uniform rate and the drawdowns measured in
an observation well 60 away are given below.

. hours 10.0167 | 0.0333 | 0.0666 | 0.1333| 05 | 1.0 | 2.0 | 30 | 40
\

S, metres | .20 030 | 041 | 053 |0.76|090|1.00(1.07 112

Determine the aquifer pamme,eing the Theis method and

estimate the drawdown in he well GTiheend- of 7 days of pumping.
weend of 7 days
gr= 6G nLﬂ\l"ld

N\

" Solution. Values of rZ/t in m*/min are computed usin
Yy are shown in Table 9.3.
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Iﬂble SJ‘ luﬂlpi“g Test Data Dl El‘ﬂ“lple g's (l - 60 nl)

2
t s r z/r
in hours| inm in m’imin
oy
0.0167 0.20 3593

00333 | 030 1802
0.0666 | 041 901
0.1333 | 053 450

0.5 0.76 120
1.0 0.90 60
20 1.00 30
3.0 1.07 20
4.0 1.12 15

Values of s and rt arc plotted on a logarithmic paper. V;.xlucs of
W(u) and u from Table 9.2 are plotted on another sheet of logarithmic paper
and a curve is drawn through the points. The two curves are superposed

I I T % T
I | I T T _

-
= <
o E -
~mo~
B E ey
i g 'z 7
£ E
. o :
= NN
[ 'O *
Yol 2 s
[t
®
[=] -]
~
—'s
L 1 | ! IJ - -
=] an ~ 4 w ~| ._'9
- giajaw ° 8 o —
's umopmouq
(=]
' ! ! 1 ! M
2 v ‘N O un ~ =
- © & &
()M

Fig 9.9. Theis method of solution for § angd T.

GROUNDWATEK
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the curve of th

€ Observatj
[ Z ty;_)e curve, as shown jp Fig ;a;o;xal
Olgc With Wy) = 1. and y = 1'>'<'1095
-8 mand 150 m%mi, respectively, Now

convenience a match point is selec
for which s and r2/t are read as
from Eq. (9.23)

T = '’
4ns 1_’(u)

Q=301/s =003 m¥s = 2592 mY/day

_ 2592 x 1
T =22X 1 _
amx0lg = 114592 m¥day,
and from Eq. (9.25), ‘
§ = ATu
)

P/t = 150 m¥min = 216000 m¥g
§ = 4% 114592 x 1 x 102

216000 = 0.0002122.
From Eq. (9.25),
2
=S
AT ¢
2
At the end of seven days, = = 60 x 6 ;( LU 514.286 m*/day
t
and U= 00002122 ° - -5 i,
A% 114507 ¥ 514.286 = 2.3809 x 10
From Table 9.2, when u = 2.3809 x 107> W(u) = 10.088
s= L wuy= 292y 10088 = 1816 m.
4nxT ) 4m x 114592

\’(/Cooper and Jacob Method. It was noted by Cooper and Jaco If.lal
for small values of 7hnd large values of 7, w\is small, so that the series
terms in Eq. (9.24) become negligible after the first two tems. Let 5, and

5 be the drawdowns in an observation well near the pumping weli at two
different times 1, and ¢, where both of them are large. Then, we have

- 2
1% dnr k)

and 5, = Z’%-‘ Wi(uy)
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r’s
wherc_ Uy = 7772' .
As = 5,-5,

Therefore,
' 9 -W(u;)]
4ArT [W(iuy) =W

Since u, and w, are small, from the approximation mentioncd above

As = 2 [=05772-Inu,— (-0.5772-1n u))]
4AnT

=2 (nu -lnu)
41:'1‘( “ 2

.. & ()

T

— .g 1n {3
4 l

k Y
T = —=—
o 4nAs

Changing this to decimal logarithm

t
T = 23026 Q log {2
4nAs L

The drawdown s is plotted on an arithinetic scale against time ¢ on
a logarithmic scale as shown in Fig. 9.10. This time-drawdown curve will
tend tobe a straight line for large values of ¢ (or small values of u).
If As is taken as the drawdown difference for one log cycle on time, that
is 47="10 M\ T is easily evaluated fro
' ]'.:_‘ 23026 Q
4nAs

In (‘2) . (926)

f

. (927)

..(9.28)

Q.inCC 1 (IZ)
£ og o 1.
1

'I:o evaluate S, the following procedure is adopted. Assuming the present
approximation holds good for the entire range,

=0
g 4nT Wi(e)
When s is zero, W(u) must be equal to zero, That is
0 = W)
= -05772-1nu.

3

£
z
4
=
8
= 0.50 :
g« 1
= . 1
---L
|
0.25 |
—
| v
| .
|
I
0.00 | i
0.1 “to LO 3 0 20 =
TIME IN HOURS ———sm
-

Fig. 9.10. Time-drawdown plot for Cooper-Tacob method.

which yields u = 0.56146. The straight line portion of the curve is extended
back to intersect the x-axis to give t,, the time corresponding to s = 0.
Hence at 5 = ¢, ‘

u = 056146 = S
’ 4Tty

2246 Ty, )

r2

Equations (9.28) and (9.29) are used to evaluate T and § afier obtzining
4s and 1, from the time-drawdown curve.
| Example 9.10.\4 pumping fest was carried out on a new ir_rig_al;'::
bore well penetrating fully into a confined aquifer at a rate of 22 ls o
drawdown measured in an observation well located a:. 457 m f} ﬂ} o5
p“’"Ping well during the lest is as given below. Determ an
quifer, using Cooper-Jacob method.
Time ¢ i b 4 90
- ours 05 18 27 5. . ‘
: ' . 106 124
Drawdown 5 in m 0,091 0294 0382 055 0.701 0785 0911 1% %

or

120 18 30 4
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is plotted on a semi-log graph
; . en time-drawdown data 15 p X
Iu?non..The ?ger}l::mme nis graph AS corresponding to ¢, and ty of
ss stown in Fig- 2 ro;ad as 0.68 m. From the same .graph.by extending
3 hro m'ldh?(l)int:sp;ﬁon of the curve to intersect x-axis, o is read as 0.8
the straig

hours. .
i 0 '= 22 liys = 0.022 m>/s

23026 x 0.022
o 23026 0 _ 2:3026 x 0.0

4mAs 4n x 0.68
— 5928 x 1072 m¥s = 512.2 m’/day
2246 T,
§=—
r
t, = 0.8 h = 2880 seconds
r=457m
2246 x 5928 x 10~ x 2880
31s 45.7 x 45.7
= 0.01836

F
: mj Ven Te Chow developed a method of _solution. wi.th
the g:TaFta’g;oTz_iv—lding curve fitting and being unrestricted in its
application. According to this method, the data on time-drawdown 1n an
observation well is plotted on a semilogarithic paper in the same manner
as for Cooper-Jacob method. On the plotted curve an arbitrary point with
co-ordinates t and s is chosen. At this chosen point a tangent is drawn to
the drawdown curve and the drawdown difference As in m per log cycle
is determined. Then the value of the new function F(u) is computed from

=< .. (9.30)
F(u) e (

« And the values of , and W(u) corresponding to F(u) are found from

Fig..(9.11) given by Chow.

~ Since the relation between F(u;, W(u) and u is given by

Flu) = ”1%‘3& .. (931)

the ‘_Jaluc of u may also be found out by trial and error without resorting
to Fig.9.9 such that along with the corresponding value of W(u) obtained

from well function table, it satisfies Eq. (9.31). If F(u) > 2.0 ; even the
trial and error procedure is avoided since in that case W(u) ='2.3 F(u)

GROUNDWATER

W (u)

Fig. 9.11 Relation between F(u), W(u) and u for Chow's methed

After knowing u and W(u), the aquifer eters T and § are finally
computed using Egs. (9.23) and (9.252}2"1

Example 94( The time- down measurements in an observation
well at a radial distance’of 200 from the pumping well are as given
under. What are the values of the parameters T and § if the constant rate
of pumping is 1000 mJ/day? Use Chow's method.
tin days 0.001 0.005 001 005 010 050- 1.0 50 10
sinm 0.017 0.097 0.145 0267 0322 0449 0504 0632 0687

Solution.The givta is plotted on a semilogarithm:z paper
as shown in Fig. 9.12. AT point A, with co-ordinates of s = 0.2 m and ¢

= 0.02 days, a tangent is drawn which gives As = 0.18 m for one log cycle.
.

F(u)

[}

2ls Bl
"
&
=

\l—‘

n
—
.
—
—

From Fig. (9.11), when F(u)
W(u) = 22 and u = 0.065

From Eq. (9.23), T = 3% W)

_ 1000 % 22
T 4 x 02

= 87535 m7day
= 001 m7s

- and.u is then obtained from well function table. e h-‘-ﬂ'
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3.75

m. ———

,0.50
Zz
S
3
[e]
[a]
Z
& 0,25
; g 10
y 4 o. |
0.0l , v
ooe ’ TIME IN DAYS ——
 m—T
Fig. 9.12. Determination of T and § by Choy's mcmod.
S = 4 Tu.t
Frem Eq. (9.29), = _.rz—
_ 4 x 875.35 x 0.065 x 0.02
- 200 x 200
=114x%x10*

Reeovery test. At the end of a pumping test, when the pump is stoppcq,
the water levels in pumping and observation wells will begin 1o rise. This
is referred 10 as the recovery of ground-water. The measurcments of
drawdowr. below the original static water level (prior to pumping) during
the recovery period are known as residual drawdowns, denoted by s’. Theis
showed that for r small and (" large the residual drawdown s’

SI = 2303 Q log (l’)
4nT {

an be given as,

.. (9.32)

{'is the time since pumping
mping plus . Thus, a plot
of (1) plots as a straight

So, if A &’ is the residual
then the transmissivity T can be directly

was stopped. That is, ¢ is the total time of pu
of residual drawdown s’ versus the logarithm

line, the slope of which equals 2303 Q/4nT.
drawdown per log cycle of e,
gvaluated as

2303 0
T=220X
e . (933)

’

GROUNDWATER
307
The transmissivity obtained fr
om r
on T calculated from drawdown data dunr(:;(,[:: iy 20 be used a5 a check

9.7 UNSTEADY FLOwW TO A WELL IN y
Unsteady flow into a we]

since the transmissivity of the

NCONFINED AQUIFER
lin an unconfined a

; quifer is more com licated
aquifer changes wit i

htime 1 and radial distance

9.8 EFFECTS OF BOUNDARIES ON GROUNDWATER MOVEMENT

In the analysis of steady and unsteady flows owards a well in an

. that the aquifer is of infinite extent having
uniform thickness, and the water table or piezometric surface is horizontal

before the pumping commenced. Such ideal conditions are rearly met with
in the field although in many cases the con

10 yield results of reasonable accuracy. In se
conditions are far from ideal and need some
when two wells are closely located and sim
of pumping in each will be felt by other a
not be symmetrical. The water table in the case of unconfincd aquifers may
have significant slope because of various opographic conditions. A recharge
source such as a stream may exist within the range of well drawdown limits.

ditions are fairly satisfactory
veral other cases the boundary
special atiention. For example,
ultaneously pumped the sffcct
nd the cone of depression will

The method of images is a convenient way 1o treal many of the
boundary problems encountered in the field. A detailed description of the

method of images can be found in any text book exclusively dealing with
groundwater hydrology.

9.9 GROUNDWATER EXPLORATION

The occurrence and movement of groundwater are c]qscly rclated w
the geological formations. Therefore a thorough understanding of geolc?gy
of the area under investigation will be of immense hel_p o mcfhydrolol;g:;;s
in search of groundwater. Apart from drilling, which is the direct me‘ nce
there are some geophysical methods which can be used to detect the pm')emic
of groundwater. These include electrical resistivity method and seis
refraction method.

s C b alion is

In the electrical resistivity method, the resistivity ”? :hL rr;"’mm;" Jn i

Measured by sending electricity through it from the gw.:ﬁ-‘i’k‘i;g the ground
Seismic refraction method a seismic shock is produced by s
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lution .
¥ uGlround water storage available annually

Q —= Areax Depth of fluctuation of g.w.t.x Specific yield

2
= X === 64,000 m?
= 10%x3.2x 100" 64,000 m
which can be replenished by normal rainfall whose volume, assumij

ng an
700 10
inﬁhration rate of 10% = 10¢ X W)X 10—0' = 70,000 ms and also as ob.

served by the normal fluctuation of water table. Assumi
consumption of 180 Ipd annual drinkicg water supply re
180x 365 = 10,120,000 litres or 10,120 ms3,

The annual drinking water supply required is 10,120 m?
availability of 64,000 m*. Thus there is enough replenisha
water resource available in the area to

the local population. The only proble
truction of potential wells.

Ng a per capita
quired = 154

against ap

ble ground
meet the drinking water needs of

m is location and economic cons-

\ﬁé;ple 43: In a phreatic aquifer extending over 1 km? the water

table was initially at 25 m below ground level. Sometime after irrigation
with a depth of 20 cm of water, the water table rose to a depth of 24 m
b.gl Later 3 X 10 m® of water Was pumped out and the water table
d.foppedl to 26-.2m‘b.g.l. Determine (i) specific yield of the aquifer,
(i1) deficit in soil moisture (below field capacity) before irrigation.
Solution

Yolume of water

pumped out = Area of aquifer x drop in g.w.t, x specific yield

IX105 = 10‘)(2.2)(5,
S, = 0.136, or 13.6%
gation water
aquifer
Considcring an area of |

Volume of jrri
recharging the = Area of aquifer x rise in g.w.tx S,

* of aquifer,
Ixy = 1x1x0.136
Recharge vopyg

¢ (depth) y — 0,136
Soil mOiStUre defi m, or 136 mm

before irrigatiq, Gt (below fiel capacity)

Xample 4 4.

fthe porggity 1 1o 3762 of ] ha, th

> 1a 209 oo tIe water 1, ,
SP=Sific yiel op he :;u?;‘:' tgie) Cpe(:lﬁc retentiog ; le dropped by 4.5 m

S 1077 determine (i) the

nge ig 8round Water Storage.

Aguifer Properties and Ground Wate, Flow

s

lution |
5 Porosity = 5, 4 S, §
30% =S, + 10

= 20% or 0.2

Change in ground water storage = Area of aquiferxdrop in Bt S

= 100%x4.5%0.2
= 90 ha-m, or 90 x 10¢ 2
Storage Coeflicient

Storage coefficient of an aquifer is the volume of water discharge? from
a unit prism, i.e., a vertical column of aquifer standm'g’ 03 2 unit zrea
(1 m?) as water level (piezometric level in confined aquifer—artesian con-
ditions) falls by a unit depth (1 m). For unconfined aqufers'(vaztef tafle
conditions) the storage coefficient is the same as specific yield, Fig. 4.4.
Thestorage coefficient for confined aquifers ranges from 0.00005 to 0.005
and for water table aquifers 0.05 to 0.30.

15Q METER
’ ARE A
'D‘m“”gfon aL)
T @~ | {{SURFACE (ORIGIM )
B _ﬁ/ PIEZOME TRIC SURFACE itso‘uz‘:u
- — —b = — T FALLS BY Im =
AQUITARD '{ , fov
UMPERIEABLE) | | -2 "L 5P l‘:f'-’.“— ot
:LZ‘ — p—r/ i L 5"
f' 1 H il [EOUFER
F ol pricw
| [raeures ssy UIFER '! 1 YiELD s
CONFINED  + i YiCLD : S (DUE TO UNIT A?‘:;:w : :
SOUIRER b ; CECLINE OF PIEZOMETRIC | PER, :
IPERVE ABLE) J SURFACE ) K .
; ]
" | 1
! ] i)
2V — 4 e
RS pl"\/("" ’ =
L (AQUICLUSE IMPERMEABLE.
AQUICLUDE (IMPERMEABLE) - -
fined or b. Sterage coeficient or specific
a. Storage coefficient S of a con

vield (S,) of a wawr table or

artesian aquifer uncorfined zquifer

i coefficient of storage.
Fig. 44 Diagrammatic representation of coefiic

piezometric surface is lowered by
the compression of the water
ter itself*. Thus the

Under artesian conditions, when th: -
Pumping, water is released from storag,ﬂSion i
bearing material (aquifer) and by expa
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86 - fupction of the elasticity of water and the aqui-
fswr-ﬂge‘:;n by (Jacob, 1950) as

and is 8! s = yub(& + nB) (4.9)
porosity of aquifer, fractjon.
= units weight of Wate;

coeflicient ©
fer skeleton

ocfficient of storageé, fraction; n =

here S =© : _
zhjr:aturatcd thickness of aquifer () ¥
= reciprocal of the bulk modulus of elasticity of water

(9810 Nim’); B =R |
2 = 2.1x10° N/m?; and « = = reciprocal of the bulk

us of elasticity of aquifer skeleton. .
f storage attributable to expansibility water

5, = 4.7x10°° nb (4.5)

K, = 2.1 GN/m

modul
The fraction ©

The bulk modulus of compression of some formation material are

given in Table 4.3.

Table 43 Bulk modulus of compression of formation materials

Bulk modulus of compression

Material
£, N/m?

Plastic clay 5-40x 108
Stiff clay 40-80
Medium-hard clay 80-150
Loose sand 100-200
Dense sand 500-800
Dense sandy gravel 1,000-2,000
Rock—fissured, jointed 1,500-30,000
Rock—soucd

) >30,000

\/E./ le 4.5: i i
b:;(m;:difus o:;m artesian aquifer 20 m thick has a porosity of 20% and
i aquifer.wmt?;):gressmn 105 N/m?. Estimate the storage coefﬁcif:nt of
: ction of this s attributable to the expansibility of water

Solution

§=nb+ m)

=98 \1
wxzo(ro,+0.20x 1 )

oy 2TX10°
= (1962 + 00187 10s

= 198 X 10~0
g say, 2x 10-3

. il

Pproperties and Ground Water Flow s
87

Aquifer
i f storage attributabl e
The fraction O 1ge ¢ to the expansib :
only the second term within the brackets) pansibility of water (taking

S, = 0.0187x10-2
1.87x10-%

= Toaxi0s oS

1 o
~ ﬁO—OfS’ or 1% of S

‘/E,meple 4.6: Inacertain place in Andhra Pradesh, the average thick-
ness of the confined aquifer is 30 m and extends over an area of 800 km?
The piezometric surface fluctuates annually from 19m to 9m above.thé
top of the aquifer. Assuming a storage coefficient of 0.0008, what ground

water storage can be expected annually?
Assuming an average well yield of 30 m3hr and about 200 days of
pumping in a year, how many wells can be drilled in the area?

Solution :
AGWS = Aaq% Apiezo. Surface X S = (800 108){19 — 9) 0.0008

or 6.4 x 10 m?, or 6.4 M m®
Annual draft = (30 24) 200 = 0. 144x 10% m®

or 0.114 M m?
6.4

Number of wells that can be drilled in the area = 0143
= 44.5, say 44 wells

Of course, the well sites have to be investigated and there should be sufficieat .
spacing for the wells.

%ample 4.7: An aquifer has an average thickness of 60 m and an aerial
extent of 100 ha. Estimate the available ground water storage if

(a) the aquifer is unconfined and the fluctuation in GWT is observed

as 15 m, /
(b) the aquifer is confined, and the piezometric head is lowered by

50 m, which drains half the thickuness of the aquifer.

Assume a storage coefficient of 2 10~* and 2 specific yield of}6%.

Solution: (a) AGWS = Aqq AGWT. S, = 100 hax15m (0.16)
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(b) AGWS = Ao [A piezo. head X § + AGW T« 5,
as confine (as Unconfineq)

= 100 ha [20 (2X10~*) + 30(0.16)]
= 480.4 ha'm

Land Subsidence Due to Ground Water _‘Vi‘hdra?"al s
In areas where unconsolidated and -SCHJI-CODSO].ldilted alluvial aquifers -
confined or partially confined by (hlck_ fine-grained beds, subsidence of the
" land surface is likely to result as artesian pressur- is reduced by crous
water pumpage. Subsidence can be detected by careful relevelling of sur-
face bench marks. Compaction of sediments may extend to depths more
than 300 m and is directly related to declines in artesian pressure.
Reduction of artesian pressure results in land subsidence that may
cause failure of wells, settlement of buildings. In Southern California and
in larger areas near Mexico city, subsidence has exceeded 3 m.
The elastic subsidence of the land surface can be computed from the
cquation (Lohman, 1961)

S
Ab=Ap (R — nb ) (4.6)

where Ab = land subsidence (m); Ap = reduction in artesian pressure
(N/m?®) and y,, = specific weight of water.

Example 4.8: Estimate the probable land subsidence when the piezometric
head drops by 70 m in an artesian aquifer 30 m thick, having a porosity of
307; and storage coefficient 2 x 10-.

Solution

Ab=Ap (E -—an)

Yw

- 2% 10- 1
= 9810 x 70[‘_,‘, ™% , ] ]
0[5 0.30 X 30 X 51 1o»

=0.011 m, or 11 mm

which ma — ..
Yy cause damage to canal linings under water table conditions.

is lowered by i i ined
ey : ; Pumping, ground water is obtaine
> orage by gravity drainage of the interstices in the portion of the
aquiter unwatered by pumping ’

Specific ¢ ity : ific i .
drawdoxfu usf;allc;’éx.presspscezlf-ic lcapamty of a well is ‘its discharge per unit
of a well, '0 Ipm/m. Thisis a measure of the effectiveness

Safe yield: Safe Y

: ield "
cconomically withd,s from a well js the

amount of water that can be
wo from the wel] in t e

be foreseeable future without

SUS——
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causing depletion of the aquifer.Ta
and yield) in a well field should be
charge of the aquifer are almost ba
the area. )
__Aquifers: ’n.;e watic bearing geolo
significant quantity cf water for econo
aquifers.
Rock formations that serve ag good aquifers are:

PPing of groung wa
te i .
SO phased thay 4 ¢ (location, Spacing

: : e. recharge ang gjs.
anced withoyt Causing ap overdratf:lisn

gic formations or Strata which yjelq
MIC extraction from wells are called

Gravel, sand and sandstone, alluvium
Limestone with cavities formed b
Marble with fissures and cracks
Granite rocks with fissures and joints
Weathered gneisses and schists
Heavily shattered quartzites
Vesicular basalts
- Slate (better than shale owing to its jointed conditions)
%uicludc: A geologic formation which can only store water but can-
pot transmit significant amounts; e.g. clay lenses, shale, etc.
/A’qulfuge: A pgeologic formation with no interconnected pores and
hence can neither absorb nor transmit water; e.g. basalt, granite, etc.
//(quitard: A geologic formation of a rather impervious nature which
transmits water at a slow rate compared to an aquifer but insufficient to
supply individual wells: ¢.g. clay lenses interbedded with sand.
_Aransmissibility cocfficient: Thecoefficient of transmissibility (T) is the
discharge through unit width of aquifer for the fully sawurated deptﬂh under
a unit hydraulic gradient and is usually expressed as lpd/m_ or m?sec. It
is the product of ficld permeability (X) and saturated thickness of the
aquifer (b); T = Kb and has the dimensions I..2/T. . '
__Permeability: Permeability (K)isthe abillty of a for_manon tc} transmbx;
water through its pores when subjected to a difference in be.ad. t can e
defined as the flow per unit cross-sectional area of lbe'formauor% when s:l.
jected to a unit hydraulic head per unit length of ow (i.c. per unit hydraulic

gradicnt) and has the dimension of velogity, i.e. L/T.

Y the action of ucid waters

_Movement of Ground Yater ) .
Ground water moves from levels of higher encrgy to levels of low

energy, its energy being esseatially the result of .elevauotr'x :11|n.d ‘g;:xs:::e,;lgz
velocity heads being meglected since the flow s essedn mof)l‘;mjsec—and
velocity is very small in the laminar range—of the orHermuSh RS
the Reynolds number (Re) for ground water flow (Ha ;

from 1 to 10 and is given by
40

e—Pp.

_.__—

A
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4 velocity (scepage or bulk) of ground water flow; ;- Mmean

. ¥ o & . - .

w uem of thie soil grains (usually taken as D,,); p = density of groung

g,mtf:aﬂd = dynamic viscosity of ground water.
a

Velocity of ground water flow which is entirely laminar is given by Darey’s

Jaw which states that
portional to the hydrau

ithe velocity of flow in a porous medium ig
ient’, Fi Pro-
lic gradient’, Fig. 4.5.

Sc - well screen
P;flomefr,c
S“Vfacc or
hyd grad.(ine

A= bw,T=kb

Q=kiA
=Tiw
w=width of
aguifer
(4" ¢o paper)

Fig. 45 Ground water flow.

v=Ki (4.8)
where K = coefficient permeability and i = hydraulic gradient

(= £ if 2 head & is lost in a length L).

Ground water flow Q'= Ay
: = AKi, A=wb, T=kb
Therefore

where 4 = cross-sectional area of the aquifer; w = width of the aquifer;
b=saturated thickness of the aquifer and T = transmissibility of the
aquifer, i.e. capacity of a unit prism of aquifer to transmit water.

_ The actual velocity (v,) at which the water is moving through an aquifer,
1.€. on an average, the velocity at which a tracer would move through 2
permeable medium, is given by

Y Q v

Vo= == = 4.10
Aan nAd n ( )
where v(= ; ,
ki Ql4) is the apparent or seepage velocity given by Darcy’s 1aW

Agquifer Properties and Ground yygq,, Flow

Flow in coarse-grained aquifer y 91
: nder hj
area adjacent to the pumping we|] s gier high drawdoy,

0, especialy ;
. ven b pecially j
generally described by the Forchheimer equa{ftcyh: ?X:'Darcy regime o? ﬂg::
@

. ed, 1969)
b= av+ by

where @ and & are -unstants depending y (4.100)

pon the Properties of Porous

and the fluid, and have the dimensions media
l1_T1
[l ==, el
] [V] L [b] — m: Lﬂ’

wherc [ ] means ‘dimensions of’. That is, the flow js
particularly as it arrives at the well face due to high gradient :
non-linear relationship between the velocity and bydraglic S:.nd exhnb!m
the use of Darcy’s law is valid for low Reynolds numb gradient, While
various flow situations have been observed where the R
S 1o eynol

flow is likely to be greater than unity.* For example i’;g::;:lmt;crkof
well (mean size of gravel = 5 mm), R, = 45 and the flow i bepxr:n?
ticnal at a distance of about 5 to 10 times the well radius. i-

0o longer laminar,

x/ample 4.9: It was observed in a field test that 3 hr 20 min was required
fora tracer totravel from one weil to another 20 m apart, and the difference
in their water surlace elevations was 0.5m. Samples of the aquifer between
the wells indicated a porosity of 157/. Détermine the permeability of the
aquifer, seepage velocity, and the Reynolds number for the flow, assuming
an average grain size o 1 mm and vgaer at 27°C = 0.008 Stoke.

Solution,
Actual velocity of flow through the aquifer as indicated by the tracer
2 e HIace)

Vg =

x 20m
= Lk
Seepage velocity as given by Darcy’s law,

; h 0.5m_ KX
v Ki=Kp=Kgm %
From Eq. 4.10, v, =v/n

K
30(0.15)

K — 36 m/hr at the field temperature
= 864 m/day or m?/day/m*®
— 8.64 X 10% 1pd/m?

6:

i and also
solation openings, coarse gravels, and

Elace, . .26 o,
*1 i ini jameter ipar.. i
n aquifers containing large d well, flow is 10 Jonger |am1§u :

in the immediate vicinity of a gravel packe
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Kk 84
Seepage velocity, ¥= 29~ 20

— 21.6 m/day, or 0.025 cm/sec

Reynolds number,

d. 0025 1 _
Recﬁjﬂ=—mxm§o>‘omsmo-‘ 03

: Ilis pumped at a constant rate of
. A 30 cm gravel packed we | :
gomglfh:'é%ml:couﬁned aquifer of thickness 50 m, having D, = 0.23 mm,

Dy, 2%’“?1;::1:5 the domain around the well for which Darey's law s appli-
ca\;ﬁ‘. assuming that the law is valid up to .R, =67 bi‘“" :_1 c St|
'ii') If the gravel pack is 14 cm thick and has Djy=1.5 mm and
D (—3 mm, estimate the Reynold’s number and the seepage gradient at
50 = ,
mid-pack.

Solution:

ﬁ/}z‘ - v_vD_; D = Dy (mean size)
6 _ 206 x 10%)

_ v =0.01 m/S‘/

Q=4Av
5000
e 2r r.50 (0.01)

r=0442m, sayddcm o
Hence Darcy’s law is valid beyond r = 44 em

—

3 30
(i) Atr= T 1—2‘! = 22 cm (mid-gravel pack),

5000 )
60% 60 27 (0-22) 50, b = 0.02 m/s

v o Ixpe =
Actually, R,> 60,
to the cone of depress;

R=YD _0.02(3 x 10-y)

since the depth of flgw near the well is < 50m, due
on. .

K=C D2 Allen Hazeq

Kg (1512
K.‘(m)=36

Aguifer_Properties and Groung Water Fioy, -
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where K; and K, are the Permeabilities of the
respectively, C = 100 where D, s i, cm, K in ¢

Ka = 100 (0.023)* = 0,053 cqy
K= 0.053 x 36

grave| pack

and aqy;
mjs, aquifer,

1.91 cm/s ¢ 0.02 mfs

i.e. the cone of depression has a slope of 45° which i crifical.
Factors Affecting Permeability
The coefficient of permeabilt
sectional area under unit hydra
is usually expressed as Ipd/m?

Y (K) is the rate
ulicgradient (at a 5

shap: and arrangement of pores,

ntrapped
air or gas and can be expressed as
3
K=CD’£!~13_8 : @10

where C=a constant; D=eflective size of the formatio
e=void ratio; y, = unit weight of water at
W = viscosity of watér at the flow temperature.

The intrinsic or specific permeability (k) of a water bearing medium is
given by .

0 material (aquifer);
the flow temperature and

k=cp 4.12)

where the constant C sufnmarises the geometrical properties of !h'c porous
medium and k has the dimensions of L2, k when expressed in cm‘h is usua_lly
extremely small, so that Darcy has been adopted as a more practical unit.

1 darcy (k) = 0.987 x 10~ cm? .
Coefficient of permeability, K =k -Y-‘l-' (4.13)

1 darcy (K) = 0.966 x 10~ cm/sec (for water at 20°C)

1 1 the
Since v, = pg, where p is the density of water, Ko« —or -, et

wle

G 7% tive
Permeability at different temperatures varies inversely as the rl:tslﬁ? K,
inematic viscosities. Hence if permeability at laboratory tempe

i other
(temperatyre of determination) is known, the permeability at a?my
temperature K, can be determined from the equation

Koy : (4.14)
By~

ture has to be
While determining permeability (K), the water “mTZ'uZB“C or 27°C
Qoted and g has to be reduced to a standard temperatur
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130 CrONTTRS ”’(ltor v ke
1 to a unit decline of' P . dug Agquifer Propertles and Groypy w
(1—=¢ 2—=b; 3—=b,c;4-_¢. 5 ater Floy, x
i »9=b, ¢ i {
v €] 1 i i
QUESTIONS g g i TR
. . i
1. In Chandrapalem basin, AP, India, consisting of 22 km? of plains, the myy: . - ?
fluctuation of ground water table is 3 m. Assuming a specific yiclc,l of 16‘luxlmum g 8 o o . !
is the probable ground water storage? (10 5(/° What SRS B 8 g £
2. Calculate the fresh water flow in a coastal aquifer extending to a 1Cngth' ' M.mz) » = g !
along the coast, assuming an average permeability of 40 m®/day/m? of 40 Ky, o 2°; & » E {
thickness of aquifer of 20 m, and the piezometric gradient at 5 m/km_' average 5 oo E § S o i
. _ (160,000 m? ; S B :
/3 An aquifer averages 50 m in thickness and is 100 ha inarca. De m [day) < . o o z
volume in ha-m of water available if - etermine the 3 S S I 28 = R%
(@) the aquifer is unconfined and is completely drained : s eol:
(b) the aquifer is confined and the piezometric head i ¢ a S = T
to 10 m above the aquifer s lowered from 39 m = & 3 h : ¢ 3 I
. . w L) o . -
(©) th? aquifer is confined and the piezometric head is lowered 55 m whij 3 o ‘2
brings the water table 25 m below the confining layer. - g g 2 ¥ g u !
Assume S, = 15%, = 2X10-4 = 5 e g =
g < o ) -
(750, 0.4, 375.6 T
V4. (a) State Darcy's law and its limitations. ha.m) E =) S 8 8 v 9« .‘;
(b) Discuss bncﬂy the. three regions that may be distinguished in flow through E = “ @ < a4 9 5
© io;o:s media. Write down the corresponding equations that are applicable _§ |
ully penetrating well is pum ’ 8 2 g
a confined aquifer of thitgmesie(;;tt: C::jtist rave of. 102_0 m3/hr from :’; §~ 3 2 § E 5 =
What is the domain around th ¢ average grain diameter 1 mm. g ) T
Assume that Darcy’s law i ne well for which Darcy's law is applicable? - > l-
5/‘ y’s law is valid up to R, = 6and v —1c¢S A G} o &~ o v :
»A3. Inahomogeneous isotropic confined aquif: ‘f water = c St (r> 25cm) £ = & & «a 2 % pd |
porosity of 20% and permeabilit “q“‘ er of constant thickness of 20 m. efTective g * o & e T ';
indicate piezometric heads of § 14}' of 1> miday, two observation wells 1200 m apart = 2 -
uniform flow, average grain diéxmmtand sy pectively. above mis L Assuming ; :% 5 5.3 58 S
siate eter of sand 1 mm and v water =0.01 cm?/sec, < &6 @ & = 1 !
3 -
((:g whether Darcy’s law is applicable? § -g : |
what i I ~ 2 8§ & & T
. is the average flow velocity in pores? = = T &8 2 8 |
] = i
| > =
, 6. Distinguish between "ground surf (Yes, because Re <1, 15 cm/day) = . o {
| Explain how the water table ::;ta:e contours’ and ‘water table contours’. < S 2 2 8§ 8 ¢ '
| - 7. During a falling head permeabil; ours are prepared and state their uses. E - < -0 = F < {
- > :
2 20 cm length, the head in th: st;:;g test on a soil sample of 10 cm diameter and : 5 'T i
, 25 cm in 2 min, Determine th Pipe of 2cm diameter dropped from 50 cm to g g g 8 & & 17 :
¢ premeability of the sample. = S T2 &4 = - g‘
8. Durin ; - —4 c) |
2 2 constant head (4.56 10— cm/se a .
e -y 3
;(5) ¢m length, 90 cc of wl;t;n‘cvaabxhty test on a soil sample of 7 cm diameter and & 3_‘5 a g & & ¢ g
¢m. Determine the permeabi = °°"_=Cled in2 min under a constant head of 3a% -~ i
eability of the sample. &~
(5.86 5 103 cm/sec) £33 PR R ?
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