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ABS'fRACT 

Darcy'a law baa been currently utilized ~or deecribiog 
flow ~groundwater, but it is not suitable 1n certain 
cases in which high b1dr&ulic conductivities and/or big 
hydraulic gradients are inTolved that is why it baa been 
necessary to look ~or nonlinear iawe to describe the tlow. 
The nonlinear laws proposeed by d~erent investigators 
have not been aatiefactoril1 related with the hydraulic 
properties ot the Mdia, but the author has ~ound e%pres­
eione with coetticionte that are ~unction o~ intrinsic 
hydraulic propertiee and has established the basis tor 
sirtng •. ,new general nonlinear approach to groundwater 
now. SOile ot tb8 reMareb reeult. ebtained by applyiJW 
tbe oew nonl1Dear approach taat can be t)aatul 1n toe e1s-
1Qs and construction of water table drewdown eyat ... 1n 
•llae are reported such as: -the new criteria tor the de­
f1ult1on of the existing rest.• ;ot tlow; tbe'4

seneral pic­
ture ~ the flow ta.rde a pUIIping well and the detel'lli­
nation of characteristic radial distancelin the ~low 
'field around it; the new equations for analyzing steady 
and unsteady nonlinear tlow towards wells and the new 
equations tor describing steady nonlinear tlow towards 
galleries and trenches. 

INTRODUCTION 

Darcy's law baa been currently utilized for describing 
tlow ot groundwater. 'l'bie law, tbat established a 11Dear 
relationship between velocity and hydraulic gradient is 
not suitable 1n certain eases 1n which h1gh hydraulic 
conductivities and/or big hydraulic gradients are involved 
tbat 1a why it bas been neceaeary to look for nonlinear 
laws to describe the tlow. Until recently the eouatione 
obtained by ditterent investigators have not bean satis­
factorily related with the hyaraulic properties ot the 
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;;aedi&. '' ,, :r'1l>eul t of ru ® !:oeseareh work 1 t Mia been poe-
s:l.ble ~.he aut!:i.o:r to :find GXJ.n~aa1one for the non-
linear o~ t1aw ln which the coefficients are funct-
ion of intr:l.naic ·Of the llllcd11il1 9 and 
to er:rtabLJh t.M g111nersl nonlin-
®~u· app~eh tc 

flo. 
tb$~~~~ equat.:l.oq,a . can be 
:.lind hinClti!.ial tlJ ti!.at l':lllir.,; 
fol.l0'111a: 

I 
:10I'l!3itl:l.lYt 

~OM'tant 

~.n~ 
plllrf~i"ii!!!ed 

a conl'!eqWH"lc"' 
law of 

aad:la. l:n ----·~·' 
in tlwo t;rpes~ ~nomil'£1 

~ lilxpHI!IS(<d nill!lpeeUv~ly a'" 
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In tbie wa;y tbe 1110nom1e.1 expression keeps the :f'oi'III of 
equation 1._ but being possible now to expreea K_ aa a 
tunctlon o:r II: and C; and the binomial expreeeioH ~ the 
law takes the fol"'l: 

I • -ii- u + ~ u2 <'> 
"" gk' 

'~ 9 ldnelllltio rtecoe1 ty of the fiuid 
g, acceleretion of gravity 

ThG new monomial form of the lew ae -11 as tho binomial 
include aa a partioul.ar eaee tile Da:rcy'e law (Ua:KDI),. 

~=~ 
[~'!_J~ 

Lr .. rc-J 
Nm;:• Wal"d •e h;wnolde nuaber (lfRI!:"U kt /v 

{6) 

On the l:maia of t~ new expreseiona obtalin®d :for th.E< ;'wn­
linear law o'f f'lfm iu ll!I.Onomial ( eq'tli!lt:ion 1 ec111bi~d <<ri tb 
·~ 4) or binomial form (•quation~' and 7) 9 1~ ~~~ bG~n 
poaaible to devise a new theo~tieal basi& with nonlinti&r 
approach tor ground1Wlllt4!ir b;;rd?&U:Uea., TMe 111ore generel 
approaeb BRkee it poae1bl~ to anal!ze beaidea ao particu­
lar caaea the a1 tuat1on in which Do.n:1an tlow oectU'>th 
The coneept111 ~&lllt&b:U!llht'Jd above are fully appliM.bllil to 
looee elaetio ee~~<U.lllentll and to :f'rl.etured rockt~J ~1 tb fine 
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etructure, and althoUBh in the case of other fractured 
rocks the continuum approach cannot be ap~·lied without 
reotrict.ions there are many caoes in which the reeul te 
ot field testa in cuban carbonate rock aquife~ confo~ 
tairlJ well with the anal!t~cal expressions derived fro. 
tbe binoaial law of flow I'J as represented by equations 
' and 7• 
ND CRITERIA FOR THE DD'INITION OF THE BUSTING REODIE 

OF FWw IN SATURATED amDU. 

Tbe propoased binomial equations are beet suited tban 
the monomial tor describing the flow within ample range 
ot grediente, and that is wey can be conoirJPred ao "exact" 
general lan of now. These equations can be reduced to 
monomial fora in two particular situations [6]. When NRK 
is little enough, the flow will be linear and the secon~ 
tera of the second ~~e~~~ber of the equations 118y be can­
celed, obtainiQg the approxt.ate expreesione: 

I • -.; U ,. 0 (8) 
I& ~ 

in which we can recognise Darcy's lew. 

When W 1a large enough the tlow will be turbulent, and 
too :f1ftt tere of the second 84&ber of the equations ID&y 
be cancelled, obtaining the approxiaate expressions: 

2 I c c u2 = u <9> -;r IT 
in which we can recognise the pure t~bulent law of tlow 
aa proppoeed b;, the author before [7J• 

It we accept an error, 1, iD tbe application of the ap­
proxiaate laws represented bJ equations 8 and 9 as co ... 
pared witb the binomial exact nonlinear law, it 1e poo­
l~~}• to eateblish the following critical Reynolds numbers 

where: 

(10) 

(11) 

Ward 1 s Reynolds number tor the hl&her li­
mit of application of Darc;,'s law. 
Ward 1 a Reynolds number tor the lower li­
mit ot application ot the pure turbulent 
law ot flow. 

In field practice it is not easy to determine the places 
where these values of NRI: occur, nevertheless it io easy 
to measure hydraulic gr&nienta that is why we have deriv­
ed expressions that tor a practical value o~ 1=0,05 give: 
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(12) 

wtwre1 lord' critical gredient corresponding to RRI!l 
Icrt' critical gradient correepon41ng to RBXT 

fbe exieting regiae o~ now will be easily deterained by 
comp&riAon ot tho exieting gradient with tO. critical 
n1ues obtained ~~ equations 12 and 1'5 

GENERAL PICTURI 0¥ ~ FLOI AROUND A PUIIPINO WELL 

App~ the concepts o~ critical gradients and Beynolda 
nua'bera re~ernd above to the :flow around a puapin& well, 
it has been poseihle to de~ine the Darcian rediuat rn, 
and the turbulent radiue, r~, as f'unction o't the dieenar­
ge o:t tbe well Q, and tne nydraulic propertiee of the 
aquifer [B]. Tfwae radii ~or B•0,05 are represented as: 

t T rn• Ck Q c Q • D (14) 
0, 05 'I 2 1T a 0,1 TT ~ 
Ckt • __g__ Q • TD 

ror• 19 Y 2 IT • .. 51f1f ~ 

ConaequentlJ, ~or B•0,05 it results: 

!]) • '580 r 7 

(15) 

(16) 

By a eimple coeparison o~ rn and rT with the well radius, 
rn, it will be possible to 8.sterm1ne the di!~erent regi­
.. s o~ now exieting around the well and the eorreapond­
ing zone a 11mi ted by the nlues obtained ~or rn and ~,. 
~or each Q. In this way a comprehensive pieturl o~ tb8 
~low around tbe well will be obtained determining aleo 
1~ it ia adequate to utilize linear (~arctan) concepts 
tor analJzing the :tlow or it ia necessary to use tbe 
nonlinear approach. 

NOR-LINRAR FLOW TOWARDS A PUMPING WELL 

Until recently the analYsis o~ nonlinear now towards 
walla baa been done utilising almost exclusively the ao­
n0111al exponential fora o:t tbe law o~ now [1]. The re­
sults obtained were greatly liaited in their application, 
becauae_~nl can only be considered as a constant within 
narrow um.ta ['5]. ln the other band s0111e investigaton 
[9,10,11112] utilising binomial laws 0~ now have obtain­
ed equat ons tor nonlinear steady now towards wells but 
tbe1 hlled to identitY the coefficienta o~ their aqua­
tiona with cbaracterieHc ~draulic properties o~ tbe ._ 
dia. 

195 
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Ae !f'ieult o·t the NtMarcb done by ti"&C~ author [,,1:;1} * 
oquatioa~ w1tb a binomial appro&oh have been obt&ined 
tor eteflld:f iind mste~dy ~on:f1ned nonli.net>ir flaw towarde 
nlle aa tw'.lction at the 1ntr1ne1o b,}vd:MliuHc pl'<:lp\\lrtiee 
of' tbe md14.. Tba ~eneNl "cnditi"na considered <>;re til;;; 
euat6'1ill&cy: isotropic &.!lid hom<t>genG~©t1.f<i &qu.,t.:ft~r, wl1 peoo·· 
trettng ite fUll thie~est $t~$ 

:tea• nnet~llt<Q' oondi tione t...~ eo::;'.:;ation 15 expreeeed l':.;r: 
c 2 ~) ""-!? 

s .... 2 ;;' s~. w<u; + ~. ~....9....,...,. ~·- 07&) 
.. • 111 g-. gk· 4 Tr-u.- ·O.O"o 

2 ( !' <>'"l') 
and &l.so a~t: _..SL_ .V(u) + 9.~. ·-· (lib) 

4 1r 4 r:r 2. 1 r ~e 

1!'bli!r®: sr~ 

W(u)~ 

4r1ll:w<1m;e!il ert R"tllldial d1.;UJID.<Ct~~ r, t·~ t.l:!tl 
"11" ~~;~r •J.f: too p~ln,g ftll 
Y'!;~ie' '€lfl.fl1.1 :f'u.ru::tiun 
'""di'!JSJ ~f influence 

:.:rf >~·::uht:l.on l7b per;ai till ·i;;c I:•.~nt~\ ~J 
t.l:t"s ~Jfi :!end lll!~!l1.h;:u• of th8 iii~< 

[1% 1 for the dra....:i(}l'!:c, v..;•,•; ;;.~.,~fiy 
the dr!J;w<!nwn iJt1!'>:· 
toul ;h"Gw<f.!V'Iffl 

r;.g 1n tnh way ·.;.ru; 
·til:;;.;,® "'l''i!)ll@'h 

f,'-3.,z.~ et Cu.bG ·, .. t)!.>'?;!l @.~ 

pre:nel:·N.·U.or. ~~~.;;. ~ ut::<,lizeci L., U.eu of "Tn~;;;ig. <f:lqu~t1"~' 
&o.ncl ~q®t:;.•:J!'H$. 1 !ir'lll be e!XPI"'El&.'>S>8d <!/.Ill l!l~l':)j, 

---L- 1n .~-'~L + ---·:5~::!_ ns! 
4 1r ~ r :~ 4 11' ''l'r rr r <} 

t~ ~ir:;M ~UIII!ping fli'to~&.rt.ed 
®to~ ~O$:tt'ie1itnt 

Aqu1fer'8 p~rli»ii !ll!ll!'l ee.d.~t;s~;lJ.ned ~ G.tl!1pllil !!lll&lyti­
eal p1'CC$d\l'M!!!i a.?P¥~ ·;cp.c.:~~.J.:m 18 to ~s;'t."" l":!!l'"lltine; 
rr0111. pu:mDl..n#{ te;;;t~' ~ing '~ utilize too ~w--
be:ro<mi! ;>:r;:;<J>r~Mc t:>f o!ln!'!.ly>!ii" &nd 'J71* (:nrve :t'itt.:h;g 
\re.d. tti;?W~lly 1J.S·~{I 'iiri til u::u~teliC.::if 'l<'i!<Li. flow ftl:t"'I!Ullll~. 

I '• 7. •· 
J!i''r)lf' et'lllaC:y e~r*;;.i tiou too lin<ii&r 
;;,,J'l"Z.\ i·.~ redu~;lllt'l. to tM 'fhie"' f~N 

:ro w -y- ~· ·----~ ....... , ....... . 

'l'l'!l!l !:ll.!:'l~.i~l rt~Y!::~ll::l~~ appX'<').fte:~ ~l!' \!lil!!lo !l<!'lan ·;,,ppl:' ,,.d to 
~-~t:~'cdremi~ 'tf6fl\.,·s ~.15] ot. 
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Altboueb equations 17 1 18 and 19 ba?a bean deduced ~or a 
cODriDed aqui~er tbe1 can also be utilised in unconfined 
aqui~are o~ relatival7 large aaturated thickness. 

An ~ortant coneequenca ia also derived troa appliQI 
aquatloae 18 and 19 to the drewdowu at the p~ping .. 11. 
It iat that contrary to the accepted aaau.ption tbat tbe 
varia lonea o~ di&llleter o~ the well do not ~act tbe die­
chars- or tbe drewdowu; when nonlinear now occurs it is 
evident that those variationa[o~ the diameter, int1aence 
both; drewdown and discharge 1,17]. 

S'l'BA.DT NON-LIDU FLOI TOirAllDS GALLBRIBS AND TRINCFJBS 

The now towerda gallerias and trenchea occurs in general 
without great variations o~ the h,ydraulic gradient along 
the diNetion o~ f'low 1 that ia wh,y the exponential •ono­
•1&1 ap;>roach as well as the binoaial can both be utiliz­
ed in the anal;yale o~ nonlinear ~low towerds these weter 
abatracting atructurea. 

We will consider bare two general caaaa: 

a) Gallerias and trenehea penetrating the ~ull thick­
ness ~ tbe aquUar 

b) Trencbes penetreting only the upper part o~ a deep 
aquUer 

The analysis will be done ~or steady now utilizing ex­
ponential and binaaial approach, in contined and uncon­
~ined hoaoganeoua and isotropic aquifere. 

GALLDDS AlfD TRDCBBS PDE'l'RA TIOO THE FULL 'l'HICKNESS OF 
A ·cONFINED AQUIFER. . 

In ~. oaee aobematicallJ represented in figure 1 the 
now towa.rda one ot the aides of the structure 1 can be 
expressed aa: 

where: 

(20) 
(21) 

discbarge towards one sHe ot the gallery or 
trench per unit length 
now area per unit len&th ot structure 
total discbarga through both sides 

U we introduce into equation 20 the correapondL"lg value 
o~ 0 in accordance with tbe law ot tlow considered we will 
obtain the pertinent equations tor ca.lcul&t1118 q. 

Analys1e ri th the exponential law o~ tlow. 

87 referring to ~igure 1 1 it can be seen that: ll,l6] 
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(22) 

piesoaetrie level of' ground water at tbe 
distance x 
distance •asured f'roa tho f'ece of' tbe 
galler,r or trench 

B)' conveniently c0111bining equations 1, 20 end 22 we can 
obtain the di:t'terential equatioiU 

1 l 1 
qn. 4% ... r. ~ dh <2'> 

Integrating equation 2' nt!Un tbe liaita b=l:l 9 h"hg; 
%""0; v:~:, n obtain; n 

q •• ~( ~h~) {24) 

For the particular caM ~ linear flow, ICn•ED and n=l, 
transforming equation 24 into: 

b-h 
q. •11><--=x=«-) (25) 

In tbe case of pW"' turbulent flow, ~ ·~ and 
resulting i.n: t 

( h-b ) 
q ... K.r\~ (26) 

.A.nal.)oaie w1 tb tbe bi.nolll1al law of now. 

By oo~niently coabininB equntione 7 20 and 22 the 
following ditf'erantial equation ie oblained: [16] 

dh ~ -!L (27) ax- • • , • ~~i; 
Inte«reting equation 2' withi.n tbe limite 
%aO ~ V%

0 
we obtain: 

ho-hc=sc= ( •lJ, 2 
+ --J-,-) X 

-~ 0 

(28) 

drewdown at the face of' tbe galler,y or 
trench 

lquation 28 ia of' general application to any type of' 
flow (linear or nonlinear). 

Fl"CCIII equation 28 we can obtain: 
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In tbia case acheiii&Ucal~ repreeented 1n figure 2 1 the 
now per unit lenstb towarda one aide ot the atruc~ure 
thl'Oush a aatu.reted croea-aection of height h, 1e expree­
eed aa: 

q • Ul = Uh ('50) 

In the caae ot pure t11rbulent :tlow, it reaul te: 

r. b'-~ 1• 
q .. ~ !-' -----

L 'X (,..) 

~RIMCI¥JS PDftBA 'fiJI} ORLY 'fiJI UPPBR P.t.R'l' C11 A DDP .t.QUIFU 

ID this caee repreHnted ache• tical~ 1D figure '• the now pattern per~~i ta to conaider aa 1t it were tbl'OU«h a 
aea1-cylindr1cal surface. 'fban tba area of flow per unit 
length will be: 

A" .JfL• 1rx 

aDd the total disc~ per unit lang~: 

qt•Ul•x7TU 
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The analya!a can be made with exponential or binoe.ial 
approach. 

Exponential approach 

Taking into account that I=~/dx, and conveniently ec.bi­
ing equatiotla 1 and '6 it reeulte that [16] 

! -1 ~ 
q~ X D dx a (17' ~) ~ ('57) 

At the trench~ x 1e aaeaed to be equal to the J'&diue of 
the balt-c;rl1iu1rieal trench of tbe ••• tlO'II'-entranoe area; 
that ia: 

(41) 

BillOI!li&l. approach 

'laldns into aceOUllt that I•<'cy/dx, and eonvan.1entl.Y eoabi.n­
in! equations 7 and ,6, the following d~erent!al eqUMtion 
reeulta: 
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Bquation 4' is general and applicable to any regime o~ 
~low. A close examination o~ it allows to reca«nize a 
Darcian c0111ponent and a turbulent (quadretic) component. 
Tbe ftl.ue o~ qt can be easily deduced f'ra. tbia equation. 

In practice we can aaauae tbet tbe quadretic coaponent is 
nill ~or Darcian tlow and then equation 40 will be obtain­
ed troa equation 4'5. In a aiailar ~aabion it can be sup­
posed that the linear caaponent is o~ no account ~or pure 
turbulent tlow and equation '9 rill be obtained f'rc. equa­
tion 4'• 

CONCLUSIONS 

Due to tho high tqdreulio cradienta and/or lal'!e tqdraulio 
conductirtti .. invol,..d nonlinear tlow can occur durinc 
aina dewater1nc operations. The r.aearcb reeulta presented 
rill perm1 t to date mine the e:z1et1QI reciaea of tlow and 
their eztenoion around puapiftl walla, trenchta and ,alltr­
itl, and tl\t behavoiour of each tna of atructure b1 ap­
pltnc tbe correepond1nc equation.-fhty p~vidt an important 
tbeoretic&l &n4 practical 1ntormat1on tbat can be utili .. d 
tor tho ais1QC and oonatruot1on of water \able 4r6w4own 
8JI'IIteu. 
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Figure l: 

J'i.gure 2: 

Fi.gure ': 

'french oenetrating the t'ull thiclmees o~ a 
cont'ine<'l aquUer 
b/ P1ezoaetr1c bead at distance z 
b/ Piesamotrie head at tbe ~ace o~ the 

K trench 
~0/ Piezometric bead without abstraction 
-v Aquifer's thickness 
z/ Distance :rrom tbs taee ~ tbe trench 
xof Dietanee from tbo ~ace o~ tbe trench 

to tbe place with zero d~wdown 
s

8
1. Drawdown at the trench 

Trench penetretir>B too :t'ul.l e~&turated 
tbiokneee of an uncont'ined aquUer 
h/ Saturated haigth at distance x 
x/ Distance troa tbe teee of the trench 
hg/ Depth ot water inaide tho trench 

'french penet:rGUng only the upper part ot a 
deep aquifer 
a/ Depth of water inside tba trench 
x1,~/ Distances from the center ot the 

treDOh 
71,72/ Distances from tho ~e surface o~ 

water in the trench to tbe phreatic 
leTel at x1 and ~ :respeetivelJr 

WI 'french' • W3:d th 

IMWA Proceedings 1982 A | © International Mine Water Association 2012 | www.IMWA.info

Reproduced from best available copy



FIG. I 

Fl9.2 
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