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INTROGHCT 10

parntiel of She egulifior to be caryapd Intg tie well aad pumivd ooty Y
forw In.tho arid reglons of the world, ground water is an important
eource of weter for domestio consumption, livestook production, erop
irrigetion, and industrisl uses. It iz the only svelleble source of
wonter in some arees. To obialn water from this source, wells must be
drilled end punps must be installsd. When the water-bewring formation
eonaiata. of uniform size amida, it is comaon well econstruction practice
to plece e layor of coerser materiel betwoon the well sorcen and the
formatione This lsyer of coarser matoriel is celled & gravel pack, ()
gravel envelope, gravel shroud, or & simllerly descriptive neme. The
purpese of this gravel pack is to pravent the movement of the materiel
comprising the aquifer into tho well, to licresse the capselty of the

uwnll, %o reducs the pumping 1ift, snd to pormit tho use of lerger open=-

4ngs in the serean. Larpgor copenings reiuce tho veloeity of the wetler

(1) - Frepsred under the dircction of ir. Omer J. Xelley, Head, Wostern

seation of Soil end Waetor Henagerent, fpricultursl Rescerch Servico.
:f"This report is brsed on e gtudy cf the Porformancs of Well Scoroens

eondusted by Irrigation end Dralneps Investigations Seotlon of

ce2i2 Rprieultursl Resoarch Sorvice, in eosporstion with Colorado Agrl-
ealstural BExporiment Station snd cortain well screen menufaaturora.

{2) - Creduste Student, Coloredo A eai i Collega. ¥

(3) Projlect Suporvisor, Irrizetion ent "rainege Imraatlgations

+ ne Agrioulturel Resesrch Servics (Retired)e

(4) See page 52 for dofinition of ter~u.
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end the friotion lossss throuzh the op@nings. This reducscs the danger

from oorrnaloﬂ or 1u0rd8vﬂtiﬂﬂ, thus Insaring nn:imum life of the wolle

When thﬁ aquzfur oons!ats or sﬂada rnd gravmls of ndéortad aizas,

T
LR

l.a., wall-grajed, oplniona dlffer nerx&ily as to the host rﬁthod of

3 P

cona*ructlon. Some eoutraouors aith yorra of exporleqoo rOcommoqd

» Tk T e

nnd prna ica grevel peckin Othara raaozﬂwnd thnt no gravai paok be

pleoai, bu* that e acresn ba aoloc ai that will permit Fuch of tha finar

A

material or tqa aqaifor to be eurried into tha well nnd phnped oat, “thas

" &
; a Ee gl 3 |

forminw & luyer of ooeraer mnterial eround the acroen. q'hin process of
;. ! '--hf’ '.'. . . ami, 8 diet ¥ Ao
forming a nnturel gravel pank" 18 t»*nod davalopmenu of 2 wﬁ!l.

i " bt ¥ 3 i . .
W (4% s s 1%, 1

Uhcoasolidatai aqairorn of rine, uﬂirorn neterial unaerlie lnrgo

""..;‘:'-. » 2 L3

eroes unraawhoub tho world. 'Fauer wells in theua aruas must bo 5roval

1-"__ Ak - i
1 & ol &

paekoa to iﬂsure arfioienoy and raasan&ble lire.' In the oonauracaion

Frze __,

or aunh & well, threa ractors nas; ba oonsiderﬁd: (a) bho oharacue-"

of ths aqaifer, ova? mhich cnn haa no control; (b) the sravel pac“ '
aiise

waleh ha nay seloﬂtx eqﬂ (e) the sereocn which he may slso choose. A

sucoessful well in n gsven aqaifor depanis to = large extent, on the

'proper da*ign of tho graval paok eﬁd soreen.

484 | | LA N

Contrsry to th@ praotica of nau; mell eoﬂtrnatnra, tho desiwn of

'-"4-".':,‘ N e S raes. Pogh Fhet ; -; - CE

. gravvl-paoktd wall mzst bagln wifh the sqxifer, ov that faotor whioh

ya = ? gL e

Ve

cnnno* be o&aaged, re*har than'with U:e alot size of the sereen w\luh

o T - = st (LI L]

It ls tho graval pecb-wwich caﬂtrols movarent of tho

."'.

nny he ielsatéd.
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squlfer mctorinl. Tha uoraan shoqld be c:osen to permit thu gravol
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paox to opcrate mast efficieahly ani to ainit wator freely into the
P % 1 B -3 1 AR T ok o

iﬂll. Beoauae of tho 1mporta1ue of effioicﬁt 5revel pnokn, thﬁro is

it 'R 1"' .; L I\"c‘ = -.--..'..; i .

[ head ror rurthur atudy of tho runfors waich maah he con sidereﬂ ln
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the aoleotlo« of pack gravela. ha res:lts of 8 stxﬁy of thesa x
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=t Although grevel paciing of welter wells hes boon precticed for Z
.abo:zt' GO yesrs, vory little sclentifio study hes been glvon to the :
design critoria for construsting the wmost effective woll in a given
equifers Muck work, however, hes boon dono daring the past 80 ysers
or more in relation to geeval filters for use in w-fler-:lrai-:a, in smag;e

end water supply filter bods, in protective filters, end 1n control= :

1ing scepege undor damg, ~ <7 iEsG (Gables posogiod Lo 30 {433 j
\

roecTergoghl (S7), in 1921, patonted & filter to control the ee'epage!

under & dam on & pervicus foundation. His criterie were that',‘che'-\

X

15epersent size of the filter had to bhe not more than four times as
lerge £s the B6-porcont slze of the finest edjoinlng leyer of eoil
end et loeat four tires os lerge ob tha 1Sepercest eizo of the cooreest

leyer of soil iIn contect with the filter. Priefly, his oriteris may be
fudicated os followss =~ ="l "ai U omlotoens

gy Lo

N T T e

Ms ﬂl‘t:os' $ 4 8 “15 filter
. +.-. Dgg soil s g ks 015 soll

The first two terma were salected to provent particles of soil fronm
ptssing through the filter. The lsst two torms were golected to koop
the ssapege forces within the filter permissibly emalls The ebove
oriteris have ®leo boon suggssted for use in desiguing filters eround
unler-dreing end draincge wolls, « - - ~ ' lowiiom carigs fow o i

30 Tm 1939, Bertrem (6) using uniform sizes of Ottewa send snd
orushed quertx fournd that thoro wes wo spprecieble weshing through of
fines so long es the 10-parcent size of flltor materlel was not more
then 8 to 10 times larger then tho 85-percent sizo of the fine beuse

matericle The 15-porcoat size of tho filter muteriel used by Bertran

Gl
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weg 10 to 15 Limos lerger than the 1G-percent sige of the base
m"beria‘],.” The limitiag ratios resained the same regardless of whethoy -
the _flm was upward or dowvmwerd end regerdlezs of the magnitude of the
hyirealio gredisnt. No shooka or othor disturding influences were
__sp_p‘ne;.t_ to the matorisls during the %est runs. The poresity of the
filter materiel end tho shespness of the grains eppeared to bo of
pinor Importsace ia eltering the lisiting ratics.

... .The Us §. Waterways Experimont Statien reperted ia 1941 (41) the
resalts of en Investigatlon to deternine the minlmum greln size of -
filter mtorir«;‘s roquired to preveat (e) infiltrstion of fines inis
the filter materisl, end (b) iafiltretion of filtor materisl into
vericus types of commorcisl under-drsin pipes lsboratory tasts were
conductod 4n porneamcters end fullezoale Yests were made uslng 6-inoh
diemetor under-drain pipes in an outdoor I0«foot flume. In the labores
tory tests, flow wos dowmsierd end visusl maés wors ussd to detoct
lp}tmnﬁ. W SiEes laTe0de ThE THLL
and "f-‘rqm_t_he leboratery stuly of the filter materiels end also from
the porforsonse la tho flume tosts, the followlng conolusions were
rescheds (a) @ fine matorlel will not wosh through e filter meterlal
if the 15-porcent eize of the filter matericl is less then five tives
€s lerge es the BG-porcent slze of %he bage materiely (b) in eddition
to meoting the first reqalrement, the gralo-siee curves for filter and
begse materisls (when plottsd on semi-logerithmle paper) ehould be
t;lproxlxmtoly.‘p_aranol in order to nininlze woehing of the fine bass
materiel into the filter mesteriel. In other words, the ratlo of the

.. P LS T R T
. 3 et B aih s & F ANty wrga eyt g v ar Tk
5T 1'{ & L Sl s Lut i 1 W R Tie DN it wiic ke e r
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nniformity coafliclonts of rnter_ matarlel %o base materiel shoald be
epprozinstely ones (o) fllter meterisls shoall be pecked densely to reduce
the pazs!hi‘lit-y of any chenge in the gredetion duo to moveasnt of the
firen; (1) flow in en upwerd dirsotlion 414 not insresse the denger of

. fellure, unless the sespags pressure beczme sufficlent to csuse flotation

of the fllter; end (o) hwell-grnded filter matorisl was loss suzoeptible
to runalng through the drain plpe openings then @ ualform meteriel of
the seve averngo sizes Y B Brrdy dralasse will spvtes bDad grsvie
" Tha bese matoriel used hed m slza ransé of 0.%0 duwn to 0.05 ma,

or epproximately from @ T. S. Noe. 80 to @ U. S, Moo 200 sleve, which
would include modium, fine, end vory fino sends. The uniformity
coeffiolent wos 1.76. The S0-percs-t sizo was eboub 0.15 mne

=7 "7he following year, in 1942, the W. S, “aterways Exporimont
Station pudblished  report (49) of sn investigation to establish design
oritosia of drainere wells for soveral proposed woll systems along the
Wlosissippl River levess.” The well systems were to control underzespage
end to prevent gerd bolls lendward of levacs located on pe;'rvioun fourde=
tions. A drainnge well to relievs substratum pressures efficiently
Ihnd to be denigned to (e) fresly edalt water Into snd ocut of the well,
(b) prevest inflltration of sand into the woll sfter initial pusping,

(¢) withstend the esrth pressures, end (1) resist the destrustive sction
of tho water end smolls = - , sl praraletiliad walls.

Ia the beginning the study wes primarily concerned with the desiga
of drainore wolls using commeroinl brass wsll corocnse However, during
the study bress well sercens beosmoe unavailsble commorelslly, so the
design enl foasidllity of drelnege walls with non motsllio ecrecns were

‘lnvustigatod-

iy it e (e e g e N
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?‘cld end Ia!:oratory tosts were -*a:ia on faur typas of drair.ag_,e

wel!a, nox aly: (a) brass r’all aaresm, (h) parfo:'aiod nonsstellic
plpea with fil"e“s, (o) p porous_concrote drein pipe, snd (d) grovele
ﬁll&r‘ wollse "he te..ta, both 113 t.ho field 02 fn the laboratory,
consisted of aetemir‘inv (a) tho 4lscherge efficlency of verious types
of wells, (b) tho maximan slot or mesh size of bress well screens, end
(e) éL.s _zil::r.-; m—i‘ia-'rei'e‘ﬁiéri of gr;.vo'l filtors that would sefely draln

a g!wn f'cun*c icq :sw:l. Stnca fn ‘br'ﬂss m'aiwnga well systam hed previ-

¥t

ously haeu i s*nned nlong tne toa of Snr&is beca 1n nortmsm iﬁhqiuaiopi,
t‘mt 8y stcm wes used to sh.r!y t‘w rducuiwn of mdslura-'*-m prasmvns aad

-

the coﬂtrol af un 'Iarsanpe'-u.

': oo B g -'\ 2y

‘!“m laborato*y 'ceats were perrsr.ml ‘ay hstollint, ver mus wellr.s
in dii"‘aﬂm szmi fcuﬁ!atims contohad 1'1 e seﬂ.}.ﬂd oirc.nler m al ta....

T Tihe

flva f-'“'-t h iia“e\.er md two fert deope H**yiﬁg pre=suro hﬂscia Wore

ﬁ

than oy plieu al: tf\e outer circgmi'e:-mcu oi‘ tm sari fo.mda’c.io'z rw.:l the

ra&: sltiaa flb"i‘ af wﬁta* avri 1m5‘h oi‘ snnl mmsured. %

gusa tepia

In eriutian, farty—ai b e:n\ari'n*ﬁi,el ‘ra nnga wa!.la 'rera hatalw

lei p"ralle‘l ta & aonticm of tha exia‘-ing drai g g0 v;an s,,ra o0 oi‘ the

-4 -‘:.,v . ,
- " =2

Sardia Pam ?ell 5;31:@:1:. Tl.a e-cpori»fmtel ws:.la wore canstrue‘.;ed oi‘ a

Vo ~ B -‘ b oA

varicat_r or nateriala, inolm.ing caf'"*arcial hrass wcll aorqe*zs, porous

eonarsts pipea, pﬂrrorat:»d (olny, wood s cnncrata,wiron, end cenonte
lsbaatcc) pine-a w‘l‘lh ﬁl ora, an.i Ig,f val-fille.. wolls: o Lot

_ Per‘mvm thﬂ mst sigmficmc i‘miirw oI‘ t:‘.o finl... tus was 1:"19
8‘4093501‘11 use. or psrrcraucd am! Pul"l}iﬂ no':rns':.::llia Ip‘pe.s e.s dmina*o

\mlls, prwn&i tham was & corm»t y desigaed filwr r-ro..:.ﬂ t.ha pipe

- S
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exd galfiolent psrforated erea, The eriterla used for dosigning the

'gra_w.fe} filters for the parforated pipes were es followot

ls-pq“cemt atze of E‘iltm ﬁ 4" to 5
g5«percont eizs of found ation
i S - 1beporosat sice oft $4tew: ~%reanczy Wl {talonsisg Lo o
__1feporeend size of foundeation il e vas oot
15-;::1‘0«':“‘:‘6 gizo of filtsy 1.0 ¥ SRR, 3 ki
oiParforebed opening <@ ~32amud el a%d SEREEEARS S EIEREETS

Bath the fio1d and lsdoratory tests edalirusd £h§’&é"é§1§érié;

‘“The pravel £11tora in the lebor ahe: "tﬂ 55 weore ml} 1 1/? to 2
{nohes thick. In the fiold tests 811 wolls wero insballed bv Jc’c; $1ge
The brasas iren, end e*bdt-aa‘éesim é:-;'e-.ﬁﬁ which r&quired 'f.'il*r.ers

wore installed by first jotsing a Betnoh om‘i-v' to the req;lr'cd dapthe

S1nce ‘the ‘soresis of thet group renged frem 2 o 3 inches in dicmtnr,

vith most 2 1/2 {nches in d‘ ma*cr, t}m wexbmn t‘zic.meas ot t
gravel wes 1oos then 2 1achos aad In most ceses did ot ezuccd 1 1/"

inehos. The asnmatallic “erﬁrauﬁd soroens n.ad insme dianetor‘a

reaging from 4 0 6 inchez (slso & moolon screen 2 1/? $nanes EqueTe
inside) end wora placoa .'mside a 12-inch *a tod ceaiq
ing for tha thlek wells, loas hen 8 inches of [-;mval £iltor cﬂzlz be
pleced eround eny orosh; eal less then S es scound sones

“'1Atsle difference in discherge efficlency was found encu‘, nevr

]

bress woll scroans of the seo lenut‘x, r‘ian«om ’ rnd op eqiv qw.da‘n

“Sereen epanﬁn:s £s

hed not hed en opportunity to ocorrods or clau-

earll oo 0,0"3 .‘..nah raro no!‘. fou':d to r*s telet the flow intos the woll ’

> 3 %
plii r e Wi LV

if the soereca waa in ola..n ssrmd. :'-

ﬁf*er gaoounte




e
w» Vihere gravel filters were nob usa 1, the fellowing soroen opening

critorica wos eateblisheds

85-percent size of foundation = 4 o
Scroen opsaing

The grawel-rilled wolls showed icw discherge cfficlencles hacause of
the high fric*ioqal roais*nacs to uprerd flow txrowgl the gravel.

In 1947, the Burcou of Reclamation of the U. S. Depertzent of tho
Inﬁerior (33) punlishei the resalts of its lebcrauory investigation
on protestlva filtera. ?he ‘bt prob.em was conducted to develop orie
teria for the selsction of gultedble filter g*eia*ionr; Leyors with
difrcrunt grrdahloas of bese end filter matoriels were compoobed in
plas*io cy11n¢ers end sxhjcctad tn ‘hydraslio hcfﬂs ronging from 2 to
50 fcet. In most tests the conpaa”ton of oth filter end binse
mate;ial oansisted of plaoing faur 2~inch IGJGPS of woteriel in.the
oyiinﬂur, coch layer ronalv;ab 80 firm O-inch stroves of & 5 1/2-pound
ham*ar. A brass sér;oa with npanlqbs depending upon the bese meteriel
wes uﬂed 2s & plaao of‘daﬂurcetion botween tho filter ead bese lay
e Data'wera obt ;ined by E&aaareﬂ ont of tho unlt flow of woter
-egfougn the assenbl%eﬂ;“&cﬁéfnin&*foﬁ of eny chenge in grein-size
dlstr;butiou‘wwich o”ourred Fariqg ths tes t, ead by observation or
photov?ephs. ¥o head loss mcasureieﬁts wore mede end most ualt flows
'v:ere 'im?y smil- Ol SLZINEOPS PUET LEAS SOF ghausd watey o g R P

Tho 1ﬁrc.tig&“ioq 1ﬂcluioa filtors of uniforﬂ gredn olzo eai of
tgreﬂed rate*lala. Both uuleorm aal rraied hase materiels wore olso nsede

For uniforn filtera, “the folloﬁ.n0 eritericn was esteblished:

59—;srcsn* ‘prein size of filter metorlel e '8 %o Yo.rs 29
.., BO=porcont grein sieo of bese matorlel

- T 5 . 3 Pl Natrm g B 4
i d mea il Ca WHE WEIL 28

o g b AR s s
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e

For grnded filters, the following erliterles were ost ahllahed:

‘S0-poveent prain size of filtor moverlel’ s’y g

,-Bo-pnfqgnt_grein sizo of base mtoriel .. i

LBy Lavd EESN S

w b

end elso, o i ol WAN 8 nelmere Toster of Follaroe

 1Beporcent -rﬂin gizo of fil oy materisl 12 to £0.
16-percont grain siza of bese material :

2 Sanﬂ filtera for the treatﬂcnt or weltor ha?a bosa uaod ta Great

Brltn;n sinco cvrly 1n tha ninstoun*i cont ar; anj 1n the qute% qtauea

gince Iata 1n the nine‘oeﬁth cantury (14) xhe oharacteristios of

flltaf sends for uater—t*eatnuqt hava benq stzdied cxteﬁ31voly durinM]”
tJB;paﬁt eix?y &oars. chevor, the resalts heve not been us *J, to eny
Oxtﬁﬁt, oufs!do tne wotor braa»menu flalj (41). Rnpid—seni fllt@rs,

the type in vanarul uae ncw, havo filtrutxon rates s hxgh es 2 88110“8

v

par equare rocu por minuto (3&) Tho 10—p~rcoxt aise of the sends
raﬂres from aboqt 0.30 ta 0.60 m nnd t1e unlfﬂrmity cocffic!cnt rengos
from aboxt 1.2 to 1.7 (8). Unifor“it; pravna.s czcusaiva cowyaotion of

tne ‘send and prouohe; oven filbretion. Te runetion of the gravsl 1n

S

) rnptd-and filter is to supﬁort the snni nni to anraai tho wrah wauor

over tha co?eriqé eroa of eech orlfiea beforo it ronches the anqd cnd
thas to p rovo1t Jetting through the arnd (8).

' ?ha leﬂg“h or useful life of water wells in sanis and gravels is

> W1l

of sarious conearn to anbinﬂara reupn sibla for ground ﬁater supplies.

Benriaon (5), in 1946, stetod thet thers 19 no resson wh} the avcra«s :
useful 1ira of screanad wllls shoxld not bn 50 years. ' W
Henderson (5), elsu 1n 10&6, rOﬂortoa tha, few wvlls ﬁf t&s orainary
type fall 1n loss then 10 years snd tho svorege shoald bo at least 20
yeers, For sctificiel gravel-wall wolls, helf the value of the woll is

lost in ehout 15 yeers. In his experience, very fow wolls ere useful

for 40 yeers.
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¥{111s oad Romine (5) geve longavity data resulbinr rron thelr
etudy of 320 Iliinois municipal sonl end prevel wells. .he reoords
showed that corrosion wes not e primery feotor of failure. Only 35
of the $20 wells studied were still in sorvicos The avorcﬂe lifa of
the 205 ebendoned wells wag | ebout 6 yeErSy altqoath gomo wore 1n usa.
for as long eo 45 youra. Somo folled in loss tﬁan one }ear. ‘Honevar,

the signi{ic?n* finding of ‘the atudj'mus that 93 psrcant or the feilures

wore ceuged by screon olog ing ond’ 1ncrust4t10ﬂ, hhe ros;lt, primsril;,

I ' £ A Y n."' &

of overpumpegte
Gravel packlng-bf wolls heé been lnvestig&ted by"ﬁhif§'f4;);*"

Symons (35), end Macket (26). Tho problen wee also stidied g

Elizaboth City, Worth Cerolina (31) in contection with the pronosad

b2 ocp O

eonstr;ctlon of en extensive buttery of shsllow wellss

Bcnnison "(3) hes givan foar besic priqasplea rov dasigaing
gravel-pocked wellse The; eror (a) formations whose lﬁ-porcnqt sizo
§s more then 0.010 fach end whogo unifor=ity oaaffioisnt exceeda 2.0
ds not roqiire grovel packings (b) the greling of the grevel paok is
e function of the 10-percent sizo of the uquifor, or 1n ouher words,
the 10-percent sizo of the gravel paok liaa batwoen certuin lini
with reletion to tho 10-percent size of the aqaifer; (o) the uniforﬂi*y
coeffictent of the rr«v*l pnca {s relntel to the uniformity acef—
fiuient’of_ﬁha'fbrmaiion'ani'is usually 2.0 or losas'(d) ﬁne thick%ess

of the grevel pack shoild renge fron & minimim of 3 inches to & mezlmum

-
> O

of 12 inches. s 8. weapsatizslyy e ErewispRan IW
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Smith (52) selectod the ratlo of the §l-poreont size of the grevel
go the G0-percent size of eguifer sateriel o3 the baslis for design of
"pravelepask ratio.® Tho

avel peokse Ho nempd the retio the
(73 P

prineipel velua or his srticle is that 4% voports the field results of

grawl-"cc‘aai wallas. 7The Illinois Steta Water Survey, for which Smith

{s en engi-mar, has beon gathering s!.ava e%lysia doete of both the

aqifer end the grevel pack in newly comtnctai walls. At tho time

of writing, dn 1653, dete were in hend on ahoul 20 wellss Yell efi‘cst!.ve-

poss teska were conducted whenever possible by meking fiaterference

pogsuramants in nearby wells. “Well ef‘i‘ecti raoess” was dofined ws the

ratio of the eeloulatod drawlown, based on the observubion woll date,

to tho sctual drewdowm.
His conclusiens wore that whon the gravel-pock ratles wero betweeon

4 enl 5, wells havo en offectivencss of from 90 to 120 peroent. When

the ratios ere a-'s'r?;gller, the wells heve somgwhat les: effectivencsse

Wells with ratiss of from 7 to 10 ere considersbly less effectives

One woll with & retio of ebout 10 had en effectiveness of only 32

eppracieblys; the wslls produced

pereents When ratlos exceoded 10

‘oonsidersble guantitios of sende A well with @ retlo of 20 wes & .
complete fallure becnuse it produced so much s-m'i. aing, Apterdi
" fle pl6o found that @ uniferm grevel peck was effective even whon
the perticle size of the equifer metorisl covered & lerge renge. In
one oaea, the uniformity coofficients of the equifer snd grevel peolc

were B,5 end 1.5, rospectively; the gravelepack ratio waos Bel.
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Tho woll proluced no sende Smith's conclusion is: "In cese of doubt,
use 8 finor grevel, rathor then & more coerse ons." '

g x g

“Leathoruood (13)’ tn 1952, foand that t*‘té. paximum retios of perticle
élzes for cmpletc- stqbinty wore s fo11 R i matarie) BE BESus
stony nl Dyp grevel o g Dgg gravel =7 <. s

Pggsond . . .. Do #8ad . . . oub that ceousd

In his si‘u"y, 1nsteb£1i’cy wos detaminoi by decrc“sing values in t:.»a roto

of cheaze of h/Ds es ‘%eynolds mimber inore csed, whore b was the

hoed loss o the interi‘aoe, end Dy the moen diemeter of the sand. e

oonsidored this critorion to bo more sensitive than thst used by other

- - - 3 * . 3 r o - L]
.y % T o . oy 3 3 -t s S 5 % . e S [ # Y gartaaiy 1ey B
3 2 & £ 3.7 i 4 e =t - 3 & 3 ¥ L . " [ W NN 4 v

fnvostizetorse 11
Reynolds mumber s &ma-l'ﬁilyl;.:v:éd o deternine the charactnr of

flow of weter threag;h granu]s.r eaterial (.:-3). Peymlds nu:'ﬁ)or ‘ts wribten

wsd 8 -‘ R ;'Vie s ala peloe of matapial taroqgn whleh Fhe weous

whore 'V 1s o velooitys 4 is & len-;’4 3 o ‘1 de-mity; d ,u, 16 the
dyna"lic vlscaqity. 'When Reyna1 ds marber 15 cphllod to the flow of water
through o ‘send dx"'gf'avél, ¥ is tha bulk mlosity whieh '{s the rate of

diec‘mrbe al-rided by the o: o*‘.*-sactim&l aran of the rraterlal; ‘a is

- %

any reasmmle averafe die'zetﬁr oi‘ tho gend or grawl g;raina, acoor&hv
to Masket (25): p 1o the donsity of the water; t.nd /,b 't the dyn“'alo "

Vlacosity P 5 e ey

Maskab (25) hes cugsosted that o Reynolds number of one be the

uﬁ}ort 111t of leminer flow in gfé}ﬁ'zlar materisl (Iwen‘tk{;)u?@.th‘e"results
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of é%pefim@néefs have given values reaching s high es 12, Tolmen (38)
hog ?uggasted thet a Peynoalds mizber of 10 be:uae&'aé indicating the
1ndeptina of eurbaléﬁﬁ flow ﬁ:raugh grenaler materisl. IS would not
soom contrailiatory, thon, to considor flow in grenuler matorisl s boing |
laminer at Reynolds number not exceeding ons, 68 boing in e tremsition
stato et R = 1 t0 10, end s boing turbtulent et valiues of R excecd=
ing'lo-'itélménﬁ(3§), and meny others, heve pointed out that ground
water moves tharough granuler material in lealnsr flow, end virtuclly
never €8 turbulsnt flow. However, both Tolmen end Yusket state that
turbulent flow undoubtedly occurs {n meny squifers edjecont to & woll.

Derey'e Lew (38) statos thet the veloolty of moving websr in water
besring matericls osn be determined by the following formulé:

V = "Zjh- or V = ksind

in vhich V s the bulk veloolty of the woter h, the differecnce in
head et the two ends of the column of mataris) through vhich the weater
is movings /, the length of tho columay ©, the engle of water-table
slope or slopo of the pressure surfece of eonfined water; end k, the
coofficiont of permeebility. ¥For each materiel k is o constant end
rust be determined exporimsntally. This Jew is epplicsble only to
lemingr flow et or neer saturation. Further, eccording to Terszeghi (37),
Dercy's Lew is eppliceble only whon tho volume end shape of the passages
ere indepandent of pressure end time.

Tho criterie reccomnended by different experimenters for the solection

of gravel filters vory epproclebly. The range is due to sevaral factors,
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vhich erer {2) charactor of sande end gravels used; (b) compaction of
maeteriels preporetory to togtings (o) hyiruulio gredient epplied;
(3) lenzth of tlma_éf rung; (e) rate of flow of the waters ead (f) the
parpoze of thq_fii;er. ﬂg scientifio study éf_ﬂie_d@sign of gravei packs is
complicated by the feot that flow in the equifer edjecont to the gravel
paok end in the gravel peook itse}f may bo Jaminar or turbulent, or @
aqaaﬁins.bio;a of.llagiuza;' gqa._turbulm*{cs__ R o gt oy

4 % ¥ o 7 b
p - ENERE = - -
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MSTHODS AND YATERIALS

'l n i $E 2 AT af @ B b ="'.‘-'."?. ¥ ',i'l-.'. :"3;' o

TS LS A s L S P

v’ .. The iieal ustho& of laveatigeding aesi'ﬂ eriteria of gravele-packsd
well2 i3 to comstruct full size wells in an squifer which ocould be
deserited aoourately es to uniforaity of pertisle slzos, percsity;'shapa
of partlelss, parmsabllit},'and,croés-ssation‘ If proper constraotion
mebaods were used, tﬁe_data_obtainei from & series of such wells, 4n
which only the particls size of the gravel pack wag varied, would male
the seloction of grevel pack oriteria FJLtQ easys. Obvlously, thes sost
of su01 8 progrem would be very hiche ©Only ths moat skillful well

drillers oould “a usoed enﬂ vcry olo ) SA%??Viq101 would bc veeie&.

! leas ervonylva mathoi 13 to eo%scruct tho uﬂreaqei port101 of

¢ vvl1 iq 2} taqk in~Wuié1 e gravel psc- ani a send represeutind the

-'_..; 3 ;.

nquifer oould bo plneei &rclﬂl tho seracn. :His rohuci was 0?1"1ﬁ?llj

?..

used 1n the stuiy of woll snrﬁoqs a* c rraio A & J hylrculics lPJﬂsu ury,

but aban ouod beesusa of the proh i*iva cos t cﬁussi bj t%o amgant af

tlma coasuwad in chnnrinﬂ end pleciqv the large quantltics of se ﬁd aﬁﬂ

ENEEE ' 3 twe THE '.'. o & ¥ ¥ .-‘.."

graval. B

X 3 1

lhis iavastirntion is oasei on the s,ajv of a2 horizontrl, cgli

driﬂal seouicn of & Tell convsiﬂiqg aquifor, grsval paﬂk) and wcll 4

sorenq, in whidh the flow Iinaa wiere parallel, In en actunl rell,

tha flcw linas are radial; h0w67er, tqe rivaata"as of usinb an opcsratus

1n.mh1cn fha f]ow is radinl were oatwcigqed by the cdn4en*eﬂce of the

eylinaric&l aWﬂnrataa. I* is believ 1 ﬁhat tha data frha taa cy11ﬁ1rica1

T o T T L o e s - L T I e ] et
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gpperatus are spplicable to cotuel well conditions. Furthermore, since
: the interiace between the equifer send snd the grevel pack is the
eriticsl section, the importsnce of reproiucing redisl flow is greatly
reducede ' '
The equipmont used in thls study was eonstructed eo that different
sand-gravel eombinations might be tested., The test epparatus end the
test procedure were designed so thot messurenente of dischorgs, piézo-
motric heeds in both the send end the gravel, the em unt of sand moved,

snd the water tempersture could be made.

Equipment

The epperetus used in this investigetlon is shown in Figure le The
plastic cylinder wes 37 3/16 inches long with sn outside diemoter of
spproxinately six inches, end en inside diamoter of 5.73 inches. The
inside cross~-sectional erea wos 0.179 squere foot. VNetal end oeps with
rﬁbbor geskets comented inte rocessed rings fitted the onds of the
oylinders The end ceps were hold snugly ugair-zs’a the oylindor ends by
four steel rods with wing nuts. One end cep hed e 3_/4-inch hose cone
noction, to vhich the water supply hose wes connecteds The othor end cap
ves fitted with @ ghort length of & &/4-inch outlet pips end e reguleting
globe valve. _

The plastic cylinder had 15 plosomoter tapss These taps were
mede of 1/8-inch (I.D.) bress tubing eal wer;a cot flush with the inside

wall of the oyliander., The teps thet eatered the cylinder wall opposite
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OVERFLOW TO WASTE

CONSTANT HEAD TANK

2 4 68l0RKIIB

PLASTIC CYLINDER

A

FROM CITY MAIN

MANOMETER BOARD

REGULATING
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FIG. 1l.-Diagrammatic sketch of apparatus.,
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the send had fine brass mesh soreens s s1dered oa thelr fnaer end Yo
kacp the seal in the eylindor. Alongz the top of the cylinder thove

3 wetor
wors four sdlitionel teps whish pormittel alr to escepe whan fos flret
turnsgd into the eylinﬂor. T*w- w1l of the eylinder wes strengx,!:sned et
each %::-.1: by & small plas*-:ia bagse Plastie serean stops were v'clded to
the 1“'!»1.“0 wll of t‘w eyiluier %o ect s bw support ef the sc“‘aens
sspare‘ati‘ag; the water reservolr portion of the eylinder from tho nquifef
sentd por .ia:z. .'hfa sat sorewd entered the c::-lin-ler downstream f‘fom the
pao‘e.:-a:y:i{‘er. i;ntm'frc\. These Sorevs, ‘lncu.oi 180 deogreos apm*f:_ eround
the cylinder, .frevantzd tha paok-equifer Interface serosn from t;lpping
mp*w‘rpbly vmevx tha ‘,_e'-:al panlr was re“ow‘:l from the cylin—iez‘;

The pmein ws:u.-“.avaﬂ bcm“i con*'aiﬂf‘l gixtoon 11 pa (OD) gle.s;
‘hu\ms held in g,lnce n"m'\s" st:;n.iar; ot css-scac"ion ;spa. by & wooden
s‘cri:p _un.l’w thﬂ lower c'ﬁi end by con'mr' wircs ‘at roy 1iived intervals
arm;:rl_ tha tubes end & .roy‘h the boerds mo c*osa-uec*ioq paper hed
1/1(';-—1“"‘ 'fivia:c-::s. Ins-:;rtfrd into ,‘ﬂe io‘:}':—:? ends of tna_n menoreter
tubes wore rubber sio nfx‘.. ﬁ-ibh brass nlppiea pessing through the
contor af‘ esche Rubber tubing connes ted the piezarr-,-a‘der'ﬁens in tha
eylinder £c¢ the bi‘“Sd niacl.:,s ol‘ the mano: ::‘cas txbes on “m boa:!'d.
Just Selow tho menomsier boards the rabber tudbing pa..sed t‘r-rsu:;h e
elemping ¢ v. oo (sae Fig&ra 2) t‘tlch 9”1"‘3161 all 15 c'ﬂ 1°rier menge
meters to be shut off similtensouslye.
A gsecon? manomater boerd, similerly construscted but with only two

monomakop tubas, wes looatsd ebove the proviossly described board.

The bobttom of the second manometer board was situnted just e short
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distancs belov: the t.op oi‘ the fira‘.. bmrd, ond oxteaded up;ﬂérd'tb

the full hpimt masseary to vaasuro th‘: hig host ?i-ez_dm'trid heads

reqiireds ‘e‘io e*l&mping devioe wog used wx’:‘-‘l this boerde

The 'm\h,r supply ws

about 22 f‘ect a‘:.eva the

28 prnvlied by e constant havd trmz 1uoatnd.

t‘loar es showm , in }if-urc ) 1 City webor entersd |

the Yot tom of tha tsnk f‘rn:\ 8 3/¢-ivxe"x supply Jino. The water flowing

ln'*o tha ta.:*{ hed fo pass up-warl thror‘z en 1zmer eylind ler before 1%

eoulfi en‘bar t‘m plestic

cylin'{er au"mly 1ine. Yetor loft the tenk

throuzh an oatlet oq t"w side ef tho tﬂ“l‘: near 4zr bothken of overflcwod

thmu?h e wair nsar thee

toi; o"‘ the teake A 1 1/4- 1'10‘1 pipe ran from :

the tank o&'lot f"n-m to ni*-hi'z aoﬂ?eme"* f"iwmus ot‘ {ho flooz' ar'i t‘xa

p'.l.s*::',;ic c_,rli.w!ar. a ahut-cff e ta valvﬂ wss located in the 1 l/f‘a-imsh

pipo 11.;9 -sdt‘-zin es.sy raaa"da' di«tevme from the cyl!.ndér. “The 1 1/4-inoh

li.ne wes *"ion re’uced to ti ‘/t" -inch 1ine having € rogaleting gats valves

Vater wos carrie:., from the "*/l.'x-inca 1ino to tha plastic ‘eylivdor in 8

ahcﬂ*t 1a*c’th of 3/4«-5.115.‘\ rab‘wr hoses

Tha rato ot fpw wes ' massared vit h a celibrated enfl-pls;ato crifie

Tho o"ﬁifica as*aﬂb1~ wes acrev'sd onto the 2/i-inch sutleb pina of the

plastic cyliﬂ?ﬁr. ™o enqe"ﬁbly eonsisted of pipe B!*Shh;ﬂ for fnorouge

ing the pipe size f:’o’t 3/4~1nch to 1 1/4 inchony & 1 1/t-inch coaplin

& 10-inch len.rth of 1 I/A-inoh ‘alemator pine RALh & AERE of T SRETe

oapper sc*acn soldered ueroas its “yQtTOZi"‘l cna', gnd the orifioce p‘iai:a CODe

The orlfica pipo hsxf.‘. 2 p;oza'aotcr tt‘m of I/B-inu‘x (1n) brees tubing

11/4 Inches from the ©

16let ends” A ru‘.‘.xber fuho connooted the orifics

plezometor tap to the sixtoonth manozoter tube on the monomoter doord

(Figire 2)e ¥hen the rete of flow wes too smpll to rogister on tho

ST 1 I g T, L TN BT o b
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|
_ 2 _:l mononoter boex1, e sxxll manometer was clumped to the orifice pipe, es
%’ ?:de—“l shomn in FPigure 2., Two ed1itionel teps on the top of the orifice pipe
ki k permitted air To be released.

T Becsuss of the rengs of discherges, four different orifice plates
were usci, Emch orifice plﬁte vss mede from & 1 1/4~inch pipo. osp with

en escurately machined eirsuler opening in the centers The orifice

y moddod eld :
diareters wore 0.181y 0,205, 0.266, snd 04508 inch. Eech orifice was
sy il ol : :
calibrated by recordimg the height of the water osluma in the orlifice
acdue Bfoos '
menometer eb Aifferont discherges. The dischorge wes computed from

5 thuoull

| the timo required to supply approximately one hundred pounds of water.

29

The tub recefwling the dAischarged water was placed on & platform socale

with one hundred pounds plus the taro welght set on the scale baan,
10w oidanly

_ o 1 ¥ihen t.ho scele tipped, the tub wes pulled on a stesl roller from unier
- the dischargimg etresms. £As the stroam wes cub by tho edge of the tub,
|£he tire of filling wes observed to the noorest ons tenth second with
| stop mtdh. The sobuel tims, welzht,; end menometer réadings were
- used in mekimz the calibration .curves in Figures 2, 4, 5, end 6.

In esrlfer work @ealing with the study of well sereens (7),
(27)s discherges were expressed in terms of cublo feeb per second per
foot of 12-imch dismeder screen with e 9-inch gravel pack, or in other
words, oublic fest por second per 2.5 77 square feot of interfecs srec.
It wes hoped thet the results from tha plestic cylinder stuly could
‘lho correlsted, in o future study, with ths eerlier worke. #As & rosult,
11% was deolded Yo use discharges in the plastio oylinder tests which

wuld give discharges per unit of interfeos erea thaet were the some
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Teble le==SELECTED PERCENTAGE SIZES AND TK’.L UN IFOIMITY COEI‘!‘I JEST OF BACH $AND AND GRAVEL.

Send : : 3 e Percentare sice ~ . Uniformity
or & 50 Dis - Dgs Dago Dig *~ ccofiiocient
Gravol : ' By
U.S. siove : _ ) D
numbers o ¥igrons Mierons -Klorons Mierons . lderone 60
inches : : ' : ' Yin
1/2-inch 11,002 9,500 . 12,100 © - 11,300 . 9,750 ' 1.16
V/aeineh . 5,500 - 4,950 189200 i 1 (5,880 s 37 4,880 . £ (1.8
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es in tho esrlier full-scale secrsen studies. Theréfore, since the
eross-sectional eres of the plastic cg}indar wos 0.179 squere foot,
the equivelent of 1 cuble foot per second, or 448.8 gsllons per
minute, the prototype discherge would be 443.8 x g:;?g or 10.3 gellons
per minute in the cylinder. It then follows thaet 0,50, 0.25, 0.125,
0.0625, ent 0.0312 cublc foot per secondi in the prototype corfesgond

to 6.15, 2.58, 1.29, 0.645, end 0.322 gellons per minute, res?ectively,

in the plestlie cylinder. i
The sends &nd gravels used to make up the sguifer end éravel pack

were obtained from & locel send pit. The sond end gravel fgre sieved

in the Soil Xechanics laboratory la standard eight-inch da;mater tost~

ing sleves. The thres following aguifer sands were obtaiﬁed:

(a) 20-30, (b) 30-40, enl (o) 40-80. The first number of esch pair

refers to the U. §. Siove serlies number of tho slove which passes the

send ead the lstter number the U. 5. Sieve sefies nimber of the sieve

witloh rotains the send. Six gravels were used in msking the grevel pecks.

Designated in_fhe seme terms ms the send, they were as follows:

(e) 5/8 fnch to 3/8 inch, (b) 3-5, (¢) 5-8, (a) 8-10, (e) 10-14, end

(f) 14-16. Oravels (&), (b), (o), end1 (e) were cslled for convenlience

respeotively, 1/2-inch, 1/4-inch, 1/8-inch, and 1/18-inch gravel. To

obtain o more accurate kuowledge of the partiecle size distribution of

esch srnd snd gravel, semples of esch were teken for & complete sieve

enalysiss Figure 7 shows tho sieve enalyzes of the threo sands end

8ix gravelse o8 slso Teble 1.
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The 80-percent size of ench sand end grevel for detarmining the
peck=gquifer retlo wes obteined from the sleve snelysis. Also, any
other percentege sirze desired wes obteined from Figure 7.
-The porosities of the sends end gravels were computed by determining
the‘apparent specifio g:evity:agﬁ the trus specific gravitélof semples
of'eﬁchlsan& end grovel. .Tﬁﬁ.purssity wéé éstablished by using the

following reletionship:

"1 - Appsront Specifioc Gravity =~
True Spacifio Grevity :
The eppsrent speclfic gravity was detersined by the volums-welrht methode

~ Porosity =

Theo Yrue specific gravity wes determinei by using & pycnomstere gaq T;blé 2.
./ the well-soreen dlsks were made from scotions of comnerciel Qeli
“gereons furnished by tho manufecturers. Tho disks were acdﬁfatoly out
end proasd so thet they made & closs fit with the eylinder walles
Figure 8 §is & photograph of the different soroons used. No ettcmpt
wes msde in tho study to snalyze the results of the different scrosnsy
however, earlier work showed that sny rossonshle screen hed no epprocisdle

effect on the emount of esnd movod. Thet fool wes also evideﬁt in this

'tuay;h.Th;“;£a¥;;£;;iééi;s of the well sercen ere given in Tedblae 3.
Procedure

In propering for a serles of tesis, 81l plezometer ond aiyr %faps
in the plastic oylinder were closed by the uss of short rubber nipples
heving one end plugzed with & short piece of brass rod. Tne walve of
the mein sup:-1y 1ine in%o the coastant-hend tenk was opened before any

other praparetions wero made. Immelintely tharesfter, the shut-off

e —
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Figure 9.-- Plastio oylinder in upright position
for placing send and gravel.
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Teble 8,-=CHARACTERISTICS OF WELL SCREENS U3ED IH TESTS.

- e = . pre e e e e e T

Syrbol Type " leterial - 'Slob Open
- - width eres
Inch Percontr e
DAt S R A e of totel
o bt £ g s P Sroaning Ln Vgurfecd
eren

. Bea . fwin flow . Calv, irenm 1/16 3.48
B ... felnflow . Gelveiron . 1/8 - = Tlf

Beo . ... . Twin flow _  Gelv. iron 8/16 11.23

108 . ot ; G Continucus slot Eronze . . 0.020 "_ 18.18

. C-b ... - .. Continuous slot Bronze «040 30,76
Ceo . Continuous slot Dronzd : 100 B2.63

.. Ced 21 Continaous slot Bronge 0,200 | €8.95

1

.Dew . . i . Panched glot  Oslve iron 1/16 2.54
~.Deb ;. . . Punched slot _ Gelv. iron e 4.77

D-o . Punched slot Golve irom. 3/16 6.67

A

- Fo& . ... Wire maesh - Bleck iron - 0.145 3364
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usuelly possible to meko eny required edfusiment in the volume of send
in the cylindor before the last six teps of the Lsmmer wore struck.
Very 1ittle chenge in volume ccourred after the e'ig'atéenth tep of the

Lid

henmers The top of the sond wos loveled, ii‘_ nc::c-'ssarlj, with e wooden
tool prepared for tae ;.Lrposa. ;

&n interfece scrumx, wos then cpraf‘rauv plﬂcd on the surfacs of
the send. The im:er_moe sorson woe ne..esaary to prov&da e plane of
dersroation between t._he aquifer send nd gr’vel pack- The sizos
of the screens ore gi'«"‘n in Teble 1 of the eppendize A

The grevel oonprising the g,rrvel pack wes placed Pumer water on
top of tho interfece screon. The gmallor sire grevels were pleced by
the tremie, while the coarser grevels wero plecod by using & smell hand
8000Pe The prococlare for cornpacti-zw the grevol wes the seme es for the

J

serd excopt thot on}.y m 'r.apa ef the hr mar wero :lied for the grovels

The top of the grwal was loveled et ths upper edge of the nurber 15

piezomster tep bosse 5
»' T

A well-screc.ﬁ disk wes pluced upon the gfswl mui held in plece
by en oxnmsivo-’c;;o ghoat motel sleeve (Figuwre 10)

The water 1n tho cylin"er ves thnn dralrod by removinr the plugs
from the two bottmmost air teps end h bresking the watsr seel ot the
base plate. ?‘hen 'che cylinder was omply oli‘ freo wa*er, the cylinder .
wos plecod, with 1ts lonr exis horizontsl, on iis oredla in front of
the menomoter boesrd. N¥oxt the correst end~plate orifice cap wes
etteched %o the dlsch.nrgs erd of t‘:u; erifice pipes The ond oeps were
tightened agaith the plestic cylinllcr ovﬂs bv s::r'minf' up the wing nuts

uniformly on tha foar rois. Yhen the a“d eeps were in plnoe, tho




] 9900

e ¢

Top view

Figuwroe 10.=~ Acoessories ead tools used in tesis.
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regulating velve fo the oylinder supply line was olosed end the supply
hose ettached to the hose connections on the inlet end cope The dige
charge end of the cylinder was thon elevated approxiﬁately six inchos,
s shwm In Figure 11:‘-%59 sﬁpﬁiy line fagulating-éai;e %as then
opened sufficlently t§ ednit & vory small stresn into tho:cylinﬂer.
The time of entry of "t.ho wator was recorlad. 411 four ailj' teps in

the eylinder were opea vhile filliﬂﬁ'ﬁénk plecee Nuxber 1 and 2
pletometer taps wero nonrmlu*.;c.ed %o their r:a.specﬁiw Eﬁnom;'s;:er tubss on
the menomster board. The orlfleé :ts;nor:.rrtar._ wag also com’zéatcc‘. to the
orifies tep., As the W{-‘:G!’:I'G'SC':"-.{"-d'!‘.'n ais tfp; it wes permitted to
discherge water bx‘iefl:,f before beinz.bl'.!SSO-&. .‘('-‘han tmtar: flowad ocuk
the orifice, the orl?ioa ywios perti ﬂll‘y .bloc?.aiil?f?‘. le the orifice pipe
alr teps were unplugrod ani-repliggc&; fﬁd whiléwfg; Srifkce tep was
olearad of elr by _m_amen_taxfily reroving thp r:n_ano:nah_cr rabover thde.

The time 8% whioch fﬁg-éif ﬁﬁs oﬁi.%aa;£950;4é5; 5 -if.i %EQ:

Whea &1l the alr hed bean.;eiogééd t;e rato of flow was slowly
increased unti) water eproared in menomster tudbe nurdor 2 on the
menometer bqarﬁ end & ataedy'th wag leaving the orifice. For all
discherges excopt the emnllest, 1.e.; 0,322 gallon per minute, tho
rogulating velve in the outlet line wes kept fully opens Howevsr,
for tha smelleat dischsrge, in order %o gob the plezomotrlc heeds in
the cylinder sufficlently hizh 5o rezlster on the mononoteor boerd,
the oublet vrogulating valvo had &0 bs pertielly closed. Afger
Rinher 2 manometer rogistered end the orifics jet beocsow stend, the

blocks elevating the outilet ead wars removed end the cylinder placed
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Figuro 1l.-- Plastic oylinder with discherge
end elevated while being filled
with water,




horisanually in S.ts cradlﬁ. A thﬂr'"-:mo ter* wee placed in the recelving

- A A ' e LR

t.agin uniex‘ ﬂm diso‘mrbc :jct.

- % st

Tha 1nlab rsf'ulatim vr'lvs wes slwly op..n.ed, g:sdually 1ncrcaainv

Lhe r**’o 01‘ flcrv. 'I'ho pia'-n"ot:er tt- pe, ‘*ﬂginﬂ.hﬂ' with number 5, wers

,onm "'-'1 to t‘ta rs‘qonetcr b-mrd ;}uat es soon es the precﬂdiﬁ" mano=

mtor‘ tu.re re*istsz’ofl on tlﬂe bo'u'.l. The comnect icn vias u:da by MOV

e

mr tne piazonﬁter ta,: plu B poz'nitﬁ ing v....ter *- dlac*wrga m v.ontarily,

md tqm hoawi'w up tho propcr connaoting rabboy tuboe :11 ran cmuer
tubes wore contmcuai to the cvlindur teps ‘aei‘oro the desired dismsrg,e

wes ru«-«:w'i. Thr- discsmrbe et wl‘cm t::-a 1~=1et re"ulvtlm val"m was held

.

eonstm: wag ua‘.zelly sli'rhtly more or lcss han tﬂa da&.*rc«d dischr‘r“a

v

bacr_ 159 t.'xo diachat' ga at t‘w eni of tno run wes nlmo ;,'a sliuntly

EOro or' le-'n than nt; tna tori-mir:b. The 1ni* 191 lisc‘:r.rbe v 11d1 w.nld.
L] N } o
res:lf in t}m desirai ave ;ago jiacmrue wa-; 1 arnei by everieuce.

Jid = 5
in

Ths tim at mioh no f‘art.har onsngua were made 1*1 the i*ilat ro; ula izg;

'
¥ 5]

wlva, es vh ioa 811 me qo::aetar tqbes re "!.st.orad propﬁrly and ‘were
steafiy, end e% shich the nrifma menomsler wes shteo y nt tna u.osim,d
hiticl *in‘mrve, wes raoorded ag the tiﬂe of trm bet,i.rmin. of tho runs

Imcdif alv, rhn en:i orif‘lcc nenon “tor woe read to the neerest ona

'

hunimi“'t of en inc’x :mi t‘ho c;li::-ler menometers v“th “ha oxe cp*shn of

nm‘ae*s 9 thravir‘z 14, maiuqim, were recar.lei %o tho neareﬁ tent

o " v - :
\. N .-.- e 1Al s - . af sy O l_ 1 AT

of ln ina‘x.

!lo trounlo vras oxpcrienced 1n. daterr'lninr whet 191 menomdter lins.'a

L A L .
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trost ; I

‘epperent because they did not conform to the veguler generel psttera
e shom in Figure Z. Trepped eir was removed by squeszing the rubber

tublng, lifting the tubing, or discomnocting tﬁo tude from the " ¢
il cylinder briefly. Only rerely wes the orifice menometor effected by -
B eire In this case, the water lsvwwl in the monometer would osoillats
e slightly. This trouble wes corrected by removing, briefly, the rubber
e tubing from the orifice pipe tep ead the plugs from the orifico pips
e olr tepss . - ivy 2lscer a5q walleaorerw Tk werg roecvsd woad rlazed
’6_"@ Boch f:m wes of %0 minutes duration, A minuie before the time of
sew the end of tne run, the weker tempereture was rocorded by roading the
g thermonsisyrs AR the exsob tine of the end eof the run, the orifice
o menometer resding wes recorded and the eylindsr mancmster rubher dubss
o olemped ghuts The {nlet reguleting velve wes then slowly closed, &nd
wﬂ. then tho shub-off valve wes oclosed, The oylinder elr tsps; with the
e exception of ths one oppusite ths surd, were uwnpligzed end the outlet
<o roguleting velve closeds The oylinder mraomoter reedings were then
e rocorded %2 the moerest one hundredih of en inch excopt when tho
dini Il reedings exoceded 50 inches.  Readings from 59 to 80 inches vers
i read to the nesrest tenth of en inch end whon grecter then B to ' 7
g ; the noarest helf fmehe [ riz.  Thal selght wwe weoemlad 2s San smuced
ovn | At ®e end of the tost the wing muts holding the eylinder end
k10 _f oceps were loossened suffTiclently to pernit -l-.h-u glow drainnge of Yhe

! , vater from the cylinder into olenn buckets viesed under buth ands of

™ the cylinder, Vhen the wator level in the oylinder fell dylow the

level of thoblnlut opening, the supply hos» was disoomasoled. ¥hes

]
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dratr ;e.m wes oomleto, thc mtlct-eui cip was ro*wea I‘rom ths cylmder,
tho utlat ro'"xlating mlw o;aned, end the \-‘ater in t:ho oriflco pipe
drainod intu the cloan buocet unr!.er “*m nﬁ}a. end of’ tho cylinaar.

The o-'irica enp wes remve:l, ir z:aoassery, a-rl the orifioe cep for the
next Tun prﬂ‘. one 'r‘w eylin“'e:' outlet-a-'zd sap Mrl orif:los aeﬂeq‘bly wore
thon e 473 s“rle. _"‘he foar rods M'! the eylmdar :l'xlo‘*-ond cap wore naxt

romove d. Ml mno 9!‘ tubas vora diacamaotﬁj ﬂ‘rm tha cy-lhdur. '

'rha oquwsiw slowa Md wall-:.cram algk wers ramw*x! md ringed

in the ou" let=and !ucm" beforo be!nx pit ealde, All grawl was romoved

trom tha oﬂ*n.lsr 1nto ths b-m‘ret. !‘ivml‘iy, tho 1nsldo of t'm cylirlior
vhiah hed contairw} t.w vreval, e:ﬁ tha h{:arfeco sareen we:'e brzsh&i

olean wi*h € nylon paint brus‘t. An matariel rmmvod by the bmsh was
¥

LA

brushe«i iqtn t&m buc’ct. ‘By t.‘mso nense al'i tl-a gravol pack nnl e11

the ea-d onrr!ed in‘o cr throud‘\ +h9 v,rava" naoz Wers oa;r"t ln tha

buo're!;.

wit i e
¥ 3 .

Dnn'ing t!*e nax* ring ths gravel wes aisw;!‘ dﬁdex‘ water to
sopevate the fine materisl which hed been cerrled out of the agaifer
during the test, The fine matorizl was pleeed in en sluminum pan and
dried in g2 elasctric ovon., YWhea dry, the fins materisl was wel ;h.e:l %o
the nerrast teath of & grame Thet wolght wre Tecorded as the amsund
of larrl ocurriod into or through the grevel paclk,

Under normal oo&diti'ans, %“ests wore wads in 8 sarles of thrss or
four runse Tho flrsbt run wes of the erallast discherpge,; %he gasond at

& digcaerge deable tho first, the third st doudle tho sasond, ets.

v e—— e
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HYDRAULIC GRADIENT IN SAND (I )

FIG. lh.-amount of sand moved per sguare foot of inter-
face versus the hydraulic gradient in the sand
between taps 3 and 5 for different sand and
gravel combinations. (Log plot).
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HYDRAULIC GRADIENT IN SAND (I,_,)

FIG, 15.-Amount of sand moved per square foot of interface
versus the hydraulic gradient in the sand between
taps 3 and 5 for different sand.and gravel combina-

tions,
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oﬁe gand-zrevel oombination wss used during ezch seories; so that the
peck-cquifer was constent throughout the serles. Thersfore, the send
renained in the cylinder for ths sﬁrios with only & different gravel
pack of the seme gravel used in esch run. 7Tho test procedures for
eech of tho runs were tho same exeapt“for the differences resulting
from the sand remaining .in. the cylinter afber the first run.

- In preparing the oylinler for eny sudbsequest fun. the gylindor wes
plecad upright on the bese plato with ell teps plugged excopt those
below the sende ZApproximaetely aan inch of grevel was placed on the
interlece saoresn end then the levellng Yool pisced oa tope Waier was
thon eddoed very slowly to evoid disbturbence of the interfaco. ihen
thero were sevorsl inches of waier edhove ﬁho gravol, *tha leveling
tosl was vemoved end edditionsl grevel placad uader waber until the :
required ieval hed been reached. The coﬁsoli%aﬁioa of tha'graVal e

end subssquent etops were es proviously descerided,
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ANALYSIS OF DATA

The control of the mvomn‘.:' of the send into the grevel peck was
of primsry interest in tals investization. However, the importence of
.ni.nimm heod loas in the peok end maximum glo% openings in the soreen
was nob overlosked. TFor many yeers englnesors have considered the
woloolty of the water to be en index of the trensporting or eroding
force., Therefore, the first enelysis of the data covered the rolatione
ship of the emount of seni moved to the voloolty of the weter through
the sand pores. Flgures 12 end 13 summerize tais enalysls. Sec tlso
Teble 2 of Appendix.

Each point in Figure 12 represents the aversze of tho grems of sand
moved end of the everege welooclty through the sond of ell the teat;: for
ono sord-zravel coxbination end one discharge, rogerdless of the :uall
‘soreen uasd. The evorege voloolty wes determined by dividing the bulk
veloclty ot everege dia.oh&rga by the porosity of the send. Euoﬁ line
;f Figure 12 ig the streight li_ne on the legerithrio plot that most
nearly fits €ll polints of the ssmo sonde-gravel comdination. In Figurs 13,
the 1lines cf Figure 12 ere drewn on rectanguler ooordima:to pEpers

The gecend enelysis of the deta covered the relotionship of the
emount of geri meved teo the dreg. Dreg is the foréé exerted by the weter
upon ths seni particles thet ceusez the sand movement. Since the drag is
proportionsl to the hydreulic gredient, the relstionship of the emount
of ennd meved to the hydrealic gredient wes investigeted. Figurce 14
end 15 summerlze these deta. The ordinste of both figures is the emound

of ssu! moved per squere foot of peoke-aquifer in%erfece end wes determined

by dividing the emount of ssnd moved in the plestio oylinder by the
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ocross-sectional erce of the cylinder. The abseclssa of both fisures is
the hyirsilie gredient in the sead es measzured between plezometer teps
8 ond 5, which were 4.44 inches epart.

Bueh point plotted in Figure 14 represents the everesge of the grems
of sand moved per squere foot of intorfece end the ﬁvorsgo hydroulic
gredlent of o1l the tests for one eend-grevel combinetion sad ons dis-
cherge, regerdless of the wall scrsoen used. Eesch lins of Fizure 14 ie
the straight line on the lognrithmio plot thet most neerly fits ell
points of the seme annd-grﬁval combinastions In Figure 15, the lines
of Figure 14 ere drewn on roctasguler cocrdinate paper.

The shepes of the curves of the send moved versus the everege
wvelocity end of tho send moved por squsre foot of interface versus
the hydreulio gradient were simller, es shown by Figures 13 end 15.
Regerdless of tho send-gravel comdbinetion, the emount of esnd moved
gnoreasqd with iﬁoreaae in velocity end hydrealie 5rédient. For eny
ono send, the emount of send moved at e glven veloolty vcfied directly
with tﬁe paok-;aquifer ratio. At tho gmeller P-~A raties, the rate of
fnoreeso in the emount of send moved decrensed es the veloolty end
hylr&u‘lﬁ gradient inoreesed. At nizher P-: retlos, the emount of
send moved increassed et manrly e constent rete es the voloecity and
hydreullo gredient inoressed. At the hlghest/;;ﬁ ratios, bha.rato
of incrseso in tho emount of ssnd moved inoressed es tho volocity end
hydraalic gredient increesod. Tho mejor differonce in the curves shomn
in Figures 13 end 15 occurred in the positlon of the curves of the

20-30 snl 30-4D sonds et intormediste P-A ratlos.



*‘ TR L !

& |
e ]

In mlyzing ‘the da.,a, c)l intorpretoﬂom were based on the trend

L

indicated by the gurve thal, bost fitbted the points plos te-i. Eech
plotted poiq‘:., 1n turn, m;;roset"ts& tha awram 'value oI‘ the 'r.-ro

coordinatos of all. test 5&1,& i‘or tho sone oondition, bu'c r.e*arileas of‘
the well secroon u:;od. Thia mt”md of analyais wes used througwut this
study altho:gh iniivldual test'. datn, a-u! even the plot.to:l po' nts of .
awrages, my have :!o-nnted f’I'O"l the trer.i inlieated. _ ‘ ' _ :

The first. requirommt of ea oi‘ﬂoimt ,,ravel pao’; is t‘wt it must
prevent movemnsnt of t.he i‘insa into tna pack. Berller inves Li«ators
heve shown that tha retio of nizea o! ﬂw partioles cc"*prising t"w
egquifer enl tao;c is nn lrpnrt.ent fno or in eo n’srollin._, the move*aant of
the finsc. For this roaso'\ {'ho next lmslyais of the da\.a in thls suurly
wos oonoernod with tha relati mmip be tween tha er‘o.mt or uand n*wx’. anﬂ :

. .. Teble 4 and ;

the packe-aquifler ratio. / E‘iruros 16, 1?, a'u! 18 au*mriza the daba. o
Bech figure is !‘or cne nend. The P-rA ratio v&s ohanged by tho use of i
a gravel of different s!:s.‘ A curvo i‘or eash of the throo or four
discherges was drm.' In tho fin»r aﬁnd-z, o-ny t‘xree discharges cauld.
be tested béasuso or livd ation im. the eveilable hoed in the water £
supply line from tho oonstent hea tank. In each o!‘ the three I‘if;ursa,
the plotted point or tho amount o; send noved at the hlg.‘mst FeA rntio
end the highust diuoharge lies beymd t‘m nnita of t‘;q riguro.

For eny ona aa:xl, tha enoans of sani .ovad !.-:.creesed witn on
incrense in tho paak-aquifer mtio and wlth r.n 1mreeso in dischs.r o
At smnll dlsoherges in tha "0-30 sani, the hcreasa !n the emount of

-

sond moved with en 1nnreasa 1n r-f\ *abio ras ver; smll.' 'Imsever, o
| ] ¥

even af small disohargea 1:; t.he ﬁ.u s% aand tested - & 40-60 socud -
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tho emount of send moved Inoreased repldly with en increese in the |
P:A__‘m_tip,v 2t higher dlscharges, the emount of sand moved inoressed |
ga;_rf,dly with en inorcese in the P-4 ratlo, regerdless of tho sand used.
in the 30-40 eal 43-80 sonds, the rete of increese in the emount of send
Eo?ot_i inorecsed with sa increase in dischsrge aand en incroese in the.

F-t roties  In the 20-30 scal, the rets of incrosse in tae emouny of

send moved romained coustent es the P-A rotio inmereased, __elxcept &t the
highest dischargo when tho rate of ineresse in tho emount of send moved
inoreesed with ea increasse in the P-A ratlos Unfort.aﬂabol}, thae data. for
the 20-30 sand, were not consldered reliable bocruse of the fine mesh
screen used st the send-grevel interfece which interforred with the send
moverent into the gravel. This influence bacame spperest when e coarser,
gcroen wes used, end wes obvious &t the highest P-A ratlo. With the
g_oé:’qer __;cr’een,'_ 6= by G-mosh, ol a P-A ratio of 16.2, the sand moved
repidly into the grovel even before the emallest disohsrge eould de
esbablishede . .51 woohesqiifer utlosy Ahe Band lsuted s s ‘ol atlwata’
' :..‘_;:,__‘_I.::.tha‘_ 30-£0 end 40-60 sunds, & point was resched st which the ... -~
lqo-.mt_qr_ “san{i move-i w2s neerly constent, regard;esa of discharge or ...
further reduction of the pack-squifer retio. In the 20-30 send, such

e polnt wes never resched beceuse the smallest gravel used with thet . ..,
send wes too coarse to give & P-A ratio sufficlently smell, or bocusise

of the influeace of the intarfaece screen. The point of neerly constent
soad movenrent, w,}ttiin the range of P=A reties Investigeted, ococurred et e

retio of epproximstely 3.7 for the 30-40 send end 4.5 for the 40-60 sond.




e frrag
dzods i
gasTand
«3% &}
¥ ialol S
goTavon
L EGA%HZ
$LT3CO
yihtaen

.{.'.“-' vop

The second requiremeat of en efficient gravel pack is thst it mast
be composed of meteriel whose particle sizo is ss lerge es possible so
thet the head loss in the pack will be 2 minimum end elso so that meximum
size screen openinzs mey be used. The data, therefore, ware enslyzed to
detornins the relationship of the heed loss in the groavel paok to the
peok-cquifor retio. Figures 19, 20, snd 21 sumrerize those dete.

The hoéd losses at‘dlffbrent peck-agquifer retios and dischearges,
when gend movement occourred, were obtalned from the reguler test dats.

In ord;r to deternmine the losses in the gravsl pack vhon no send move-
ment occurred, e sories of test runs wes made in which ro sand wos placed
in the plestic cylinder. 'These deta ere summarized in Teble §. All head
losses in the gravel peck wore messured betweon plezometer taps £ end 15,
which were B.44 inches epart. Tho comporison of ths hoad losses in the
grevel peck with end without send movement was required %o escertein the
effect of the sand movermont on the hesd logses. See Table 8.

At very small pack-equifer ratios, the heed losses were reletively
high. Aa the F-A ratio Inereesed, the heasd losses in the gravel génorally
decreesed; however, in the I0-40 end 40~80 esnds, & P-A retio wes rasched
ebove which the head losses elther inorersed egain, or decreesed more
slowly then woald have boen the cose 1f no ssnd movement hed teken placa.
In the 20-%0 send, no such P-A ratio was'apparent. The point et which
the change occurred in the 30-40 eni 40-60 sends was et a P-A ratio of
epproximately 7.5.

From e study of Figares 13, 15, 18, end 21, it was ovident thet &b
lonst one feotor other then the pack-aqnlref ratio wes influeacing the

emount of send moved and the heed loss in the grevel pecks. The only
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FIG. 19.-Head loss in the gravel pack between taps 8 and 15
versus the pack-aquifer ratio at four discharges
with and without sand movement. (Aquifer 20-30 sand).
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FIG. 20.-Head loss in the gravel pack between taps & and 15
versus the pack-aquifer ratio at three discharges,
with and without sand movement, (Aquifer 30-40 sand).
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FIG. 21.-Head loss in the gravel pack between taps & and 15
versus the pack-aquifer ratio at four discharges,
with and without sand movement, (Aquifer L40-60 sand).
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!‘aotora knosm to be dirferent wors tho \niformt;y coefficiom.a of t}'e

: san:!s eni grwals. Tha aniformify onﬁffioienba of ﬁ‘te 14-16, 10-1%, and

8-10 gravals were 1.43, 1. 16, end 1. 1’), rmpcotively, or ve“y nearly the

eimde Rwemr ) Em Figura 18, i npp”are t‘mt more 43-&0 sanj mver*atrb

e

ooc.rrrea at e P-! retio of 5.5 v:i'ch tqa lt. -14 grrvel - t‘w grav’*l with

tha tlightl_f hir}mr uniformlt:y ooe{‘fxcimt than axpactod. Figures 1‘%

.ﬂl 15 also shcmr thia, though not 8o clenrly. The un!i‘oraity coef!‘icieqta
of tka 2‘!-30, 8')-40, anrl 40-60 aun'ls wers 1.38, l Sb, sn«i 1. o, respﬂctive-
ly. Sinco tha uniformity coei‘fa c‘an'”s of the 20-‘0 rnd 4"-60 aaurls wore

neer!y !-ha smo, £ oonparison of the emo ,nb of smd mcvai versus the

paok-eq.xifer rat!.o of the 23-"0 ami wihh 5-5 g;n.val (P-u.rx retio of S 0)

to that o!‘ ths &:a-»so send with 10-14 grevel (P-.ﬂ ra*io or 5.5) should

e r

hava shm-m the same trend. The unifnmi y coeffioieﬁb of t.ha 5-8 gravel
vag 1. 2 anrl of t‘he 10—14 zravﬂl, l 16, €0 there wos 6 diff‘t"e'wo 1n the
e A 1 = | - .

srawl uniformity ooa!‘ficiom-.s. Again tho onmiﬂation 'nit;n bha grnwl

he.vleg the smsller unifnrcxity Oﬂof'f‘ie*errt had the m:al‘ er r«uount or sand

moved, even fhmgah 1ts V-A raulo ves slightly 151‘591' Homevar, ainae

-

t;he data inwlv‘!ng tha 2:}-30 ae.nd was no* conaidcred reliabla, tha saow*d
apperent i.lluetra“on of‘ the hf’uanca of t'he g;rava1 uniformty had %o

ba diaverdefi. Al‘tor t‘m discovcry oi‘ the iﬂfl..enoa pf the fine intex'i‘aoe

lorean usa:l wit’éa the 20—.::0 aard et a hir-h P-!. ra!-io, !.t wos believod

t.ha.t fho lnf‘luemca w:mld be naglivibla ok 1nw P-.F. ratios. ) stuciy of

Pigurea I?, 14, ml 16, hav:ever, .-zu!o M: eviclent tqat so"cthing,

-

- s - ‘J
presumebly ths inter;ace narﬂon, hafl behcm n ma,jor fuotor 1-'- tha annunt

atdd 7 snar T8 L

o!‘ s= td noved at all P-A ratioa. No ohher co*?pariaon imrolwln;, onlv

e i s,_.,‘ I8 A

BeLHA TOTH
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the uniform.lty ooeri‘ioients o!‘ the :_-,rav\al could he made, and tharaforo

trend could be deternined. e o P RaRIEI il
[ t“!?:ﬁ_.,.... oy P g B ¢ v : Vil 4 A_"-_.-‘

In inwstivatin;; the unifomit;, cooi‘fioian" of tha squifer ae.nd,

‘-'ﬂ-_.__,‘vﬁ,-!.!,_._.‘.?_ '.'."I-__ i

; it wves evident that this verieble wes en 1mor+ant f‘actor i.n tha mount
g of sand mved. In tha 50«40 amd with .3 10-14 g,raval (I'-A ratio of 3.?),
the emount o_!‘ sond moved was r;o,. c;rsau daal leaa thm t'fxe mount A

roved in @ _40-60 send with & 10—14 gravel (P-ﬁ ratio of 5.5) The _
wniformity coofficient of tho g,ravel could not have been & factar sinus
both gravels wore the some. ‘narafore, tho uniformi*y coafﬁclents oi‘
the sends, 1.65 for the 30—4:} sand end 1“,0 for the 43-60 sanis, were s
compareds The troad inilcatea was tnat; tha smallor the unil‘or dty

coefficient of the sead the s:naller _the emount of sand moved. _The__a_ :

*; B same conoclusion wes ..ra.odled whgr.-;.thé 30;741) éﬁn‘d‘vdti! 13'14#1'5"91 -_ %

:3 T L (s ratia ot 5.7) was eo:‘-péréi to tho £0-60 send with 14-16 gravel b

B b retio of 4.5) Sinda the und fosaity eaéi‘i_‘ioié-nlta- of ‘the gravels
g e vere nesrly the szms', 1.18 t;.'ld 1-08; res;‘-"atiﬂ*ly’ it V"s .co.nclu;:‘.ed--
il e that §% WoE the .,maner uniformity coofficient cf the 4*’)—5) s:\nd ’c.wt ‘

£ atsr .

tccounted for the fact that less 40-60 sond thon 30-40 serd mo_ved,l

even though the P=A ratlo of the €0-50 s:end with 14-18 gravel wes
Fraspts g7 : it
freater than that of tha 33—-40 sond vith 1‘)-14 grnvnl-

B2e s ¥ * ; e
The 30-40 gend with 5-3 gravel (I-’-.% ratio of T7.8) resulted in a
| e 1 2
great deal of send movoront o8 sho-rm in ¥Figures 15 end 15. :’In\rewr, tha'
i 301 £
47-60 send with 8-10 ;;ravel (r-a retio of 7.8) rcsalted iu L mach’ snelles
{efaesn 3 |

toount of send moved. Whan tae unifor:zity onor"iclents wara talken mm

consideration, tha larba dif{'evo—lce in the emoant of sand mm:a:l 1n t'm
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two cases oould be oxplained. The uniformity ooefficients of both the
send end the gravel of the 30-40 sond with 6-8 gravel combination were
larger than thoae of'the 40-60 send wiﬁz 8- 10 gravel combination.
Therefore, it oould bo expeoted that mor e of the 30~ 40 send would be
moved, evenlthouoh there wgs little difference in tho P-A ratios.
Sinoe tha amount of sond moved was spparently influenced by the
paok-aquifer ratio and the unifornity ooeffloient of the sand, en

ettempt was made to oombine both factors into one oooffioient. There

eppesred to ba a relationship between the smount of sand moved end the‘

product of the P-A ratio and the uniformity ooefficiont of the sand.-r
Teble 7 summarizes this relationship at one velooity ;n the send end
one hydréuiio éradient as token'from Figures 13 and 1#. By comparing
Teble 7 with Figures 13 and.lﬁ, this relationship beoomea evident.

The analysis of tne data may be summarized es follows:

1- The amount of sand moved veried direotly with the veloocity of

_the water through the voids of the sand.

{

2- The amount of send moved veried directly wlﬂa the hydreulio

-

'gradient in tho sand.

8- For any one sand, the amount of send movod veried directly

_with the paok—aquifor ratio. é

4~ At low paok-aquifer ratlos, the rete of inoresse in the

amount of sand moved dooroaaed s the velooity and tho

hydraulio gredient inoveaaed.
5~ At high paoz—aquifer ratios, the rate of inoraese in the

tmount of sand movod inoroasod es the velooity and the
L0 T W S L e

?
| 3
i Y “l ek it e \I‘_ . Lo X=E '
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Table 7.«~=RELATIONSHIP OF THE AMOUNT OF SAND MOVED AT ONE VELOCITY 2AND ONE HYDRAULIC GRADIEWT TO THE
PRODUCT OF THY PACK-AQUIFER RATIO AND THE UNIFORMITY COEFFICIEXT OF TIE LQUITER SAiD. '

Send sizo Gravel size Pook- , Gnli‘or::iﬁ:r (P+A ratio) : Crems of send moved
¢ aquifer ° . coefficient of > FRTY &% eversgo - Fer sguore foot

retio !, .. the aguifer . (Cy equifer)  velocity of of intorfaco ot
(P-A ratio) = sand : : gty o 0.03 ft/sec hydreulle
! . {Cy equifer) gredient of 6

TeSe gieve Usoe siove

nurhars aumbhers

40-£0 14-18 4.5 1.30 & S0 1.9 i b2
30-42 10=14 Se? 1.66 : £.1 : 2.4 ek
40=80 10=14 HeB 130 - I ey 4 = 52 . 21
20=20 B 5.0 STl o 1 Bl o 5.8 : 33
40-60 Gl 7.6 280 oy s > 4 . 40
30-40 5-8 . SR .66 * 1%.0 - 736.2 s 66
40-82 5= «11.7 130 1« & : 15.2 © 2100, ¢ B 3687
30=40 3-5 12.7 1,88 . . 0 ax3 i > 100 Sy
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hydreulic gredient inoressed.
6= ‘For sny one sand; the rate of inorease in the emunt of sand

#i% o mpyed inoreased ss the packesquifer ratio end tﬁe discherge
Sdavatonifnoresseds ©urliar Liie s [y A6 By tea B e ce e
‘"'!- - A pack-squifer retio was resched below which no furlher signif-
*:5-'-0'-5;.:-“- © “"4eont reduction in the emcunt of send moved occurred, regerd-

weriediy Lless of the discherge. Thet Peh ratic in the 30-40 swd was

28 10 22847 end in the 40-60 send wes 4.5, sromand baPare B

~2%5 B~ " The hoad losses In the gravel paok desrcased s the pack:- Foi

& rivin rraquifer ratio .1ncreasod until & poiat wes reeched abt which
¥t fiaighe hend losses elsher insroesed egala, or decreassed more

885 19049 ' glowly then wo11d have beon tha eage Af ne caud wovewnt had

8 hecd Irgeven ‘plases 'The P-A retlo et which tho erenge ocourred

eani bt o opproximately 7.5 for the 30-40 and 40-60 gends. = . . .

€31 Clga Uiag 8 gimlow peck-pquifer retlo, the emount of send

et moved warled directly es the uniforzity coefficient of the

<0 wiriatas geagelsmse XL w0 loyund Yne renge of &

2%4°°30> “The amount of send moved veried direotly as the product of

9 Tkt o tho packeaquifer retlo ead the ualfornity ani‘fioien’; of tho

hen Bal Bl% - s W ONe a
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. bns boasd lops Lo his «rDISCUSSION 2n eldilioand B.7 fashea

Tho most fmportent funotion of & gravel pnck- is t.ha oontrol of
t.he mw mant of the smd ﬁ'm tha.af;a-ifﬂr- into the wall. Ib la well

i

un.le. stmd, tha*- t‘xa smlla*' thia enount 15, Lhe batuer t‘e pacc i.s

3

pcrfornia" t'ﬂa mnc*ioq. Lei‘ora the anta were analyzei, :l* was

3w
i Tl w' 4

ﬁlought *ne.. even s"ﬂll q.mnti l.ias or sari 1'1 the grnvel pan.; v.ould

r.

mrkazil; inaraase tw h-sa-! 1053 1n t‘l a pzok. The tﬁst rasults s“‘me:ed

tmt U; req tired a canaidernuls Erount of‘ send movs-:ant bofore the nsad

loss in tho “ace: wes hcx'asse-i epprecisbly. "'h;s ves truo b“cause, 1‘9:'

l 51?9’1 ne’h, es tha pnuk-aq.zlfer rubio mnraﬁaei r.-xl t'fw nmmmt' o" B'm:l

mfve:l hcwanse:!, ‘:ha ci‘i‘eﬂt oi‘ t;he in c“‘a?sin" gruval sizs in dacreash—
hoad loss wes graeta‘ t‘man t;e af;aot of ”za saf:d novei in inr. easi”’

tho hosﬂ 1aas.' rou un txl tho T-A rs*io reﬁcqei abo;t ?.5 did exough

&= v . - e

tautl move uo cn".r‘taraat the blflue'wa of grsater g m*al si*a. Lourea ?.3

tn:l 21 111'.1 :.ra':.a thi.s I‘sot.

.Qo ..‘_ P . ‘_ o iy N

Hmev‘.r, 1!: mst be rd'a:“.boz‘oi t‘m.. thae ‘tosy ra.n: wore or only

50 mim:,es d'u'ation. It. was bayo'zd t."vs seopa of tn ts invoss 1rrt1m1 tr\
study {:’10 ci‘fcct oi‘ ti...a. ho*.m":xr, ona test run of 5 ‘wurs arxi "D minutea

>

vos m&e with e 43—50 ssnd a:zd en a-w graval ("’-fs. ravio oi‘ 7.6} ad

an 1n1tia1 discharre o!‘ 1.27 gpm .&h t:he e*z* oi‘ -:he nrs.. ha oy t*m _

haad 109393 in ths sanl a"r.l grmrel wera "e‘ﬂ'ly tho sz--m es ar. the tozin-

"

ning of tho run, but the discharga ned decreesed to 1 21 gpm. At the

£

end of !:ha thir:l h’mr, t'fxe dischar;_,e wEs still 1.21 gﬂm, 'b'.rt t"ta head

{ il

'.loaa 1n the gravol nal increuaed 1. O i“ch. !«t t}'a end of the tr‘:st ran
of 5 hours an] .:0 minutes, tho d:.sc‘wrgo ‘md dm.r'mse:l to 1.195}'-21

L g L.

i
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while the hend logs in the gravel had fncressed en edditionsl 2.7 inches,
The ezount of send moved wes 27.8 grams, or nesrly thres times the enount
moved i.n the 20 niﬁuhe rans. - This send-zrevel combinstlon wes chosen
fér_j;t’.m ange-r tast !_'Qn beoousa the deta.ﬁ-am tho rogular tost rans fndi«
éﬁ_t__a-i thet I;._P.-.F. ratio of 7.8 might be nesr the meximmm for pesagnable
doslga. Since the uniforalty coofficlent of tho £0-80 send wes 1,30,

the pm-_‘.}uc_;t of tm-‘P-ng rétiq end t;‘.s.-a yniformity éoaffieia:;t of tha
a_ﬁui!far_qarxﬂ WOk DaDe.itondv whonusy b o wal s pOP

From the data gathered during the tasht run of § houra end 20 minutes,
it s apperent that equllidrium had not besa estedlisned even a% tho end
§1{ this time. Tha duration of this tesb was 11 times that of the regular
rais, bat only *hree timas es mach sand moveds No eonclusions c¢ould be
droim from this single test runj; howovsry with e 'properl:,? selacted .pack
11‘, woild seem ressonable to desire less sand movements As & result, the
upper 1linit of the product of ths psok-agquifer ratio e;nd the uniformity
éoe!‘ﬁcigntmot. tha aquifor gsand would have to bo less than 9.9.

v+ - &% must also ba remombarad thet in the plastle oylinder wsed, the -

f‘lmr linag ware .parl;l.]..\ol_ end not rodial sas ther wonld ho in & well. As

-!IJ reasls of the parallsl flow lines, prectiselly no send wes ocerrled

throagh the ;55._{;': into the woll saotlion of %he cylinder. _?flth.radinl, D ii%e
flow, tha driving _tar_pe would havs tenled to move the ssnd farther fnto
and through the peack, beoause of inoreesing velocity ead hydreulie 1%y
5’.'9"3!23“' saad 32 4 Rirhor percgnsiza of fineo Yoag tha $9-00 FLR e AN
ovo. FOr esch of the -‘l':hroe saads Yestad, dhe emount of send moved
virisd directly with ths wsloolty of the water, the hylraulio greadieat,

end the packeaquifer ratio, as expected. OF pertlealer importances

i B i abe s e e i e i o e tan s L 2o B R
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hwem, was the rmt thaﬁ; et lw Ped ratios t‘:e ram nf 1ncmasa ln

the amunt or a.m-i moved denraaaed s tfw w!ocit ; nnl the h;,rdmllc

grmlir-t imreased. me gravcl pae%r, theref‘am, snmll bé saleouei 80

x

thnt dou'olinv the disc wrge of tha reil wnl rcsult 111 o:ﬂy a s nll
iucz'eaue 1-1 the v.moun* of anni nc*ed. Thm criwrlon muld serva €8 a;

sai‘ety rao‘or to preve-ﬂ: perm'm-ﬁ; rlmmge to 3 wall if o*rerpumad

uei&a ly rnr & s‘.mrt; permrl o" t.i.m. Sand onco in the f;raval pa,y.,'

£ 53

Iess able to move entiroly thrmﬂ Iqto *-ho mll, pamawn*ly mrez'ts

=

its ]:‘:Et’!“zful effactn up:m the well- Fimraa 15 vn'l 15, !.11rutrnta

tniu pm.nt. Ths sa.nd-graval oo-:binatinns f'o:' the thres la.ver 'ost s

curves in the f;guros woald aact; *ha orltsnon; tho mmd-f-raval

oomoim *.ons of the naxt‘. two m*ves, lyhg jast e.bwa tﬁ\a lmar t‘wea,

woul'! ‘*o qunatiomole; and tho ea:ﬂ-—:;rawl eu .biuut:.o'm of 'Ho fo.u' e

npper.aat curves woald dafiniwly ba ra‘so cd.

‘l'ha ini‘lumce of tha unii‘amitv eaafﬁnievﬁ; of *‘10 smi upon the

£k
oA

m*mt nf annﬂ mnved wes oluarly evide'xt rro'a t;he ur.alysis of ’:ho da

It seem:i reescnnblo r.o ex pact th t *na "aak-aqaii‘er ratio e.b stnbiht,r
would be tha amﬂ fo:' ml sands, i.f‘ nll otnar faotara wore 1dmtmal.
stabin*y dmotas t.;za mn&xﬁ’ion_ v:hea no aand momont oan aocur. I-: the
80-40 ani 43—60 aan'ls taate.l, tha P-A rntio et mioh eaeh roached s‘aehility
wes 5.? a’\:‘l 4-5, respac'cively. 'l'he unii‘srm.i"_: coeﬂ'ician‘b 0“ o!' tno
3e-40 aru! 40-30 smda wora 1.86 aﬂ.d 1.50, resgaotivel e In other worda,
t.ha !5‘3-4‘) zuncl had e higher parcenta"s of rinas th&n the 40—60 ssnd. In

or-!or to pravant. move-\ent or tha fines, tlm gravel had to bo finar, a'xd

tha result wes a a-xnller I’-A rnt‘o. I{o'.mver, w’mw tha umformity

,\.-»,-,

Yk

merﬁcic ts were tcken lntn oomilerr.tiun, tha proiuctu nbtaimd h,:

(A}
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maltiplying the F-A ratio and tha uaifornity coefficient of the sund
wore nesrly the sams for both sendg. They wore 6.1 end 5.8 for the 30-40
and 4080 sends, respeciively. A velus of 8.0, therefore, wes selosted
83 e épﬁro:&lmte meximim velue of {:‘-.’a ratio) x (C, nquifazﬂ e
which steble sonditions e-uld be expocteds ~  ° 7 SHiIiriana
""" ‘Boantson (3) suzrostod thrt 8 well in en mgulfer ssnd with & uni-
formity eceffictent greator then 2.0 nsed not ba grevel packed.  His
zain reasbn"fm.' sxczesting this nunher wes thatb an';\qutifoi- sdid with o
higher coefficient eculd be developel o £5 o produce its owa gi'evai
pook "astarelly®™. It iz ovidest from thls stuly that the gronter the
i:nii‘t;.r:nity coofriolent of tha equifer sendy the finsr the gravel in the
pécié-'mst be in order to be satisfectory. Sinco many well drillers ere’
convinced that the grivel ln the paok must be eserss, it is very unders’
stendedle wiy 8o many of thenm pat ints srouble, particalerly when they
ettompt to gravel-psok wells in oquifers with high uniforsity coof
fleleats. Ths eosrse trevel hes such lerge wolds thet the finer mquifer
porticles ore cerried into t'.ho'pn.ck or through the peck into the wall.
The resolt ic efther & ologzed greval peck or & sead-producing wells
No part of thls et:dy was concerned wlth the daveloprent of "nsturel®™
prevel peoks)  the results, however, tend to eorroborate the recommsn-
detion of Pentlson. 09

- Smith (s2) -'rapt‘)z"fad-"thnt & well in walch the unlformity coofficlent
of the equifer and pack wers £.3 ead 1.5, respestively, (P-A ratio of
B.1) proiuced no serd. The resalting product of the P-A ratlc exd the
unlformity coaffislent of the equifer is £2.5. This would seem to con-

tredict the findings of this stulyj however, 5nith did not report the
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diseherge end other deta necsssery to dobsrning the water velooity oy -

hydreulis gredient et the interface, Tha discherge por unit of péuk; '
equifer interfece, which is relatod +5 the veloclty #nd ‘hyﬂrauli‘o i

gredient in the equifer, hes en irmportant influence on the amount of

sand moved, exocept where oor*pmtc: stebllity cocures No comperison
bstweon the report of Smith end thic study, therefere, ctn bs medes
“0 2 Ingufficient epprepricte date preverted e study of the $nfluence
of ths umfsrmity of the hrewl in the peck unm the amahh of ssu& '
movede Tn the 40-60 send, t?c enly seni ir wﬁich 4 sufficic*t n'm..er

of send-pravel combinatlons wes tested to heye shown any tren.!, the

unifornmily coefficiente of the gravel were so “ear'ly t;t.e sune t}a

significant effect could be p:-cducei. In ﬂmxre 18, the pos‘tioa of tme o

series of points &t the peck-aguifer rstio of 5.5 (40—60 gond with 1014
gravel) docs net conform closely to the pqttern or pnut.tcms of the
gories of poluts at P-A ratlos of 4.5 an! 7.6. The unifornity coef-
flolent ef the sand could net heve Lean respensible sinee all three
combinations h:-aci the seme send. To econalale thn:%: the very 8.3.'12,“11.;;-.. ;
difference in the uniforanity cooffliciont of‘ the provel wes responsible
weg not werrsnted without further evidmm._ .*'- ;;\y heve been perely the
result of & normal renge in tho data hoasus-o of the experimentel method}
hmmvar, tha a:msmt of sand moved wes mors then expected ﬁ'mro the sisad
lmlfomih;; cocfficiont of the gravel wes hig‘.est.

UV COther §mvostigatore have shevm the deslredllity of nsins'uni'fbm

gravols o insurs wolds of meximm size ed $o provend coupzotlon.

 Uniforn zravels in the peck, thercfare, £'d 4 $he reduction of pock

T p———— T - Lt T _ O T
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heed logses. The influence of the uniforality coefficlent of the gravel

~ b > -

on the peck head losses is not evident in this study boosuse sll of the
grevels usel were uniform. The maximum walfornity cosfficient of the

testci grs?als wes 1. 32. It ia sumres*e.! that the unlformlty coeffiolent

*

of the g;raval !‘or 8 pack ba 2.0 or lcsa.

S g R W e Vg 2

!‘ollﬂwinﬂ' 13 a liating of‘ t‘m orltorm estahl!swi by otnera for

the seloction of gravel ror flltar or peck.

B At el Kis i D15 filter _(_ Dls filtﬁl'
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For comperative purposes, the terms filter, gravel, end pack may be
considered synonymois. Also, the terms soll, bese, sond, end equifer

mey bo consldered synonymouss
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Teble 8 lists the retics of verious porcentsge slzes end unlformity

_coeri'ioienta o!' paok to aqnfer m:! also the preduct of the pac—.k-equifur
rotio end the un.!'orh.ity coefficient of the &qa..fer sand,

[ P-4 retio) x (c, equifar? s deternined in this study.
e Tha criteria established by Pertran (6 ) end the EJ. S. Buresu

of ﬁec]am.ation (39) mre not comperaile with the others becouse both
usod carzpacted_ sam;alas. Tha values ob,!:eine-i b-_,r them ure,_ ] a_ resalty
Moo Higiar ihwn Whoes obtalned in Shis sbudy st by 18 obber Levanbigatorss
ﬂ ‘The different porcentege sizes upon which the investigetors havéd
bagel tholr eriterla ere nunorous. Teable 8 includes ell of the retios
”!.-gdlqatei ebove for esse in comparison. Ta the 30-4) send tested in

j:}i'j.h_:invesugutlon, stebllity wes schieved vhen ths velues for tho

retios of the various percentage sizes wers es follews:

Dgn pock ] ne ok D pok
.. ..(P-A ratio) = SO Y 3 o . a }E_E___m
B e Ll Be i) Dgn send Dyg send ", Dgg sand

" A

2.7 H

p eck
1 =20 P 5.0,
~ . Dyy send . 5.3

In the £0-60 send testod, stsbility wes schieved when the values for Lhe

:_.'at.lns of the verious percentege sizes wore «s follows:

Py 3 e 3 g B.0 2.8
-t . ' v g - wock
- Eﬁ_?_ff.ffi.“ pr“' 51323.9.?“‘-5.53

(P-A ra??.o) & Dﬁo send I 015 gond 3 : DBB sand

ry,
Aol

bm pock
e e e L
Dm sand

T T T e WY T AT 3 -y - -
. 0 % by = il 0 Y L3R T A M o w Ls .4 L e T Lo s e b 2 T Y T T
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Teble 8,--RATTOS OF SEIECTED PERCESTAGE SIZES OF THS GRAVEL PACK 10
" THE AQUIFER, AND THE PR0ODUCTS OF THE PACKeAQTIFER RATIO AND THE
 UNTFOWSITY COBFFICIENT OF TIG FQUIFEX FOR CO4PARISN OF DESICH

"CRITERIA,

ey ol

Pack  Dgy Peok " Dyg Pock " Dyg Peck ..Dld'Paékul " (P-A Ratio)
Aquifer Dpo Aquifer D1p Lquifer Dgg Aquifer Dyo Aquifer v aits

(r-2 ?aglo) (c qaifer)

elove
narbors

20-30 gy e avamit g, 24 o 5t KRR ‘c
565 3 1.5 3 S0

24216 I {hog 0 maberialB,Y Ut @8eBl. YU BB s TR0 w88
£0-60 -

20-28 lnnt gt Miker gof tiEY. B T IAR 50 @yt le mash @,
P 6.5 6.1 4.2 6.1 7.2

B8-10 : s iearla, % P . -1 RS s BRReT T8,
Fy 7.6 P Beb 5.9 B.8 8.9

B8 iaus 1107 Srevel 11047 NV te.8 InslndlY,s The selilB.e
40-60_ i : %

14-16 BRI Al - . W G B 8,9

TTREY . ST R e G

a0 Ry e 69 . 38 7.2 =5 e,s_

SEOREREY . gam e _91' et __9.5_“: o150

TR AR LI e L . 238

8-10"c> ey pt, Sulih, rglgieinienug @0t cansag.e oty witiq.e Tav

1528 fia Lig,p VoLt SR B taon fug.Br rastrigiel thels 2tgi9ni

1820 i faon egefte TElEM nggilol HlngeBliirlan 1948 0 Tudy ac)le®!!
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In both the 30-40 end 40-00 sands, the results agrea with those of
Terzeghi and the T S. hatsrwaye uxperinant obation. Tha vvlues determined
by Laahhorvocd ere higher than those obteined in this stuly, ali‘ﬁtJJ
hléhe% thaq thasa or Tarza hi, end within the limits as daterwlned by
tho N8, ?atcrways prorimant S'n*ion. “The higher valzea suggpﬂted by
Lsa.harwocd ma; heve resultad from his nethod of dstermininu suaaklity.

i Appareutly, neither Terzagbi ‘nor *hs J. S. haterwaya Experineu“
giatid{ found eny 1mportsq* relatioﬂship between tho uniferalty coef-
flolent of the grevel snd stabllity, for thelr oriterls besed on the
rntios or the ls-pereaqt siza of tne rllter to the 15~ and Ba-parronb
;1zesb;}“£ha hnse ma*crial io not eoqt"ol, in eny way, the uq‘fcrﬁity
eoaffisloqt of tho filber ra*erial. In order 0 1nolude sudh & p?a-i

.

vislon in thelr criterla, the Bq-perccnt size, or soms other hi-h perJ

>

cont alze,‘ﬂf tﬁe ‘grevel woald have to b included. The unifornlty G

ey |

oceffiolent of tha aeqd 1a cantrolled ba tha crltorin.'”

b "L cfltdrla'suggeéioi'b Lea%ﬁarwooj, (18) sinca it 1101uied both

» - Taan x
1 "'», .__l. i

2 X ahary
tho lo- Eﬂi tho 5)—porcs1t sizes of tho grnvol, ﬂDJli af?aub tho

nhiformi*y cbefriciant of tho graval.‘ dowavor, nothing in the criterie

eonbrola the percantaga of finos in tha send.  The uqirsrmity coef—

riéieﬂ% of tha‘aénd, tharefbre, 1s'not influénced'by %ho critoria;:"

¥ o LEUY . Anad dvn Edaon oy A g - P N s S |

""" leatnerwosd, Smith, sut Beaison were concerned only with uniform

1. T e 1 F " . bobegy S ¥ 4 . - Ty P I A e . 3 omm
gravela. "Lestherwosd end Reanison farther restrictcd thelr criteriea

Y ' —
to unifarn sonis. Smith extenisi his vrlter nn to 11011&9 no1-uniforﬂ

sends, es diacﬁihc& elaawnero 1n «nis c%epver. Bpprreq*ly, the;

eoncluled that the reatrictions pleced upsa tha use of thelr oriteria
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© provided for the uniformlty foobors nol expressly specified. The

results of this study, however, have shown thot the ualformity coef-
ficlent of the send, evon In unlforn sends, wes en imporlesnt feotor.

Terzeghl end the U. 8. Waterseys Lxperimont Stetion were primerily

- eoncerned with eriterie for use with base matorlels haviag high uni-

formity coefficlents, and the-ofore, had Yo vreke provisloea for thet . ..

feotor,. VI pigmie ke G samedet Aty S nwasenn tm Ung pamagl o0 gand

oo Taroughout this study, it hes been implisd thet the grelin-size
distribation of the agquifer eend mist be knowa before & grevel peok osn
be selested. In motual prectice, the need for & grovel psck is not
kncyn_ungil en eccurato knowlcdge of the equifer is geined. The well
contrector must know how to obteln sccurate, f§p?caqnta§1ve serples of
the equifer, This is not a sluple tesk without speoliel equipment. Once
tﬁp gamplasdgrp_ysk?n_thqro 1s not time %o sabmit them %o & leboratory
miles awey for anaiysis. They mast bo dried, sieved, &nd analyzed et
tho well slite. Thig\ eon 'he dons without expenslve equipment in & shory
time, yet ;E,FQrQiY.iﬁ done 8t presents . ... ..q..iten of srscal

.‘;“?or preoticgl ggsign_purposea, 8 rossonable renge rust be provided
{n’thglgr;tgrig 85 they the resulting crevel peck qpergtea efficlently
ead st111 peraits the conbractor to comply. Besed en the rosults of the
lahorqﬁory atudy, the following desiga eriterie ere suggested: .

() The grevel shoild be selected so thet the produot of the .
peck-sqal for ratlo end the uniforalty coefficlent of the

U ;quitor qcnd is :rpm 5.0 ta 8.2, viniaoss of ke peawe

L}
res L A owh ¥ -

S (Prnmrpbio) x (Qu aquifor) = (5.0 to Bo0) .t o Pow

T %4 s
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(b) Oaly squifer coade with uniformity soefficlents of 2.0 or less
ghould be grovel packed, el with gonvel pesis of
ti0v (e, agqaifer) = 2.0
The nintlmun velus of 6.0, under (o) shove, is sugrestel bocouss
eny s~tller valus woul-{ raéulﬁ in hizhar heed loss tarough tho paok
without eny epprecieble roluctlion in tho ewount of send movod. The
meximan volue of 8.0, under (a) sbove, 1s siggested becmuse eny grester
waluo would result in an'apprucinblo incrense in tha emount of esnﬁ

e, B e B ot e
LYar=ll SREL LA T 1A

moved with inerssse in discherge.
In criterion (b) ebove, the maximuw velue of 2.0 for the uniforaity
coefficlent of the squifor is suggested beosuse etny lerger value rosalts
in grevel esporoaching in elze thet of the agquifer send. Exoe$31v9
hosd losses ia tho peck ead through ths'amsller gcreoan openingé rmoke
the grevel paoking of sands with higher uniforaity cosfiiclents
unoscnonicel, end probebly unnecosssry. 3 avie Q;Jﬁg, fan affant
sevvnis «BUSOBSTIONS FOR FUSTHER STDY
¥any fectors of possibls importence in the solection of gravel
pecks were beyond the scopo of this stuly. Other feetors of importazce
beseme evideat during the test runs or while enalyzing the deta., There-
fore,; the following sugrestions for further study sre made: :
1= Fhet 1s the effect of time on the smount of send moved, on
the hased los; in the gravel peck, end on the criterle for
stebility?
- ¥hsb 1} the effect.or chenglng ths thicknoess of tho gzrawel

peoiz on the emount of send roved and on the oriteria for

stebility?
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" adfa

3~ Vhet is the effoct of the parcentays of open erea ia the well
goreon on the smount of send moved with grevel paoka' of
‘7 different thickness? i rnel pvewieds aay gand

i %e  Whes 1u the effect of tho slzo of slot in the well gereen

8 Glyon Sghickness? i T 8% & winimm piciay 1iEL, Wiforivastely,
“OLY = Te the uniformity coofficlead of the gravel sa importent
sdzavie Ufegbor in desipgn eriteria?

6~ - i‘s the mexirmum value of 2.0 for the unifornlty coefficients
eritoris ‘of the send end grevel jJustified, or what shoild be the

seile T'oplteria for deternining when ea aquifor ehould be grevel

o ¥ . %
" : 5

D5 't“‘.ipaﬁked? TRLADg QOSEEPTRIYS = Al FuTTaes pEbasg o} Feouald gutar

“7- "The leborotory work of this study shonld ba continued so as
1 3¢9 Iaelude send-gravel comblinations with pa{ck-nquifelr ratios

wal o 'eyhich would supplement the date of this sltudy. ' Tao effect

i, “iilef the uniformity cooffioclents of both the sends end the

comienini gpravels ehouald elso bo studieds

. ¥577 Binee the uniformity of the eguifer goems to have the greatest

effact on the ezount of scal moved, the effect of this feotor shoald be

- = » 4 -7 any b - e 2 =
investigated firet. iy ankissn ot end provels wer: unsd
in thas Laatlas mpearea . ey woxl wig.- el st b * o 8 I s
L GAS L3S0 TORT NS 3R RO ARITIS RGALIOMMELYY COEliLtiens®s wWirg }“_11"_1__
e ety 28, LS
for The pauild SERIA PG .17 YOF TND Digk Sravels
Tl sy -} &~ g , A 5 ™ e |
4 v Ao 24 - - 5 3 S B - i1 882 danm : e bik % ! 5 w
o il AR Py ® -
427 - = RIS¥Ia Dan 38T T F £ i g 8 yalay L Rrh,
Ai" "y ra?: B g o = S 1 i - = *
G ] BYTL v i 2 a% b2 b
i .’ 1
£ 7




40w

= ey

- fexy y L U e T e e &
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Ir proporly seloo'-ed, t’m ,,rnvel paolc prevents e.vzy send I'rom

‘:."L sen
Gy

ontaring t,he mll thet- m.ght da-na-e t‘w pa—*p z:g, equipmnt, sni makes 1t

p;;;ible tu go!: ‘th; mz-ir‘.:m;:.;a...cmt of -.-rat*r at [ g-iv'an p.xmpin’ lifﬁ: o;'
a‘fgi';m.t.memt c!‘ watsz‘ nt ¢ ml':im.lm pumrlng lifb. Uﬁforwna oly, b
aany g?;wl-pm‘md mns hs}:v» cause on:llesa trow lble:;!;-i. ‘diaappointnen;
bece;se ;f;lél&prons;r‘érnfol pt_aé;; ves ﬁot. ;:;o-l. ik -. i ‘1
C On;y ) 11--11:6:{ mourﬁ: m auui;.' has ‘bcm éav;-ted ..(.a.grm‘rai“p;t;k |
c.a;}iberia‘fc;r'wallsé Tho mz-mer of publisqed reporta or suo‘\ :; tudiea .13

aﬂan. This stﬂy ls en at.*.errpt to n!d aom*hh;; to “\c mager nmnunt

13 &5 aatce gy

of anilable int‘orrati_on oo-mnrnlng this !.-aportant aspentz of grounﬁ water

Dlshat g H3- Talid ';.--'-'i.l._§ By foitog Lale WRLI LT

duvalopmnt.

eoafiisisnt of The aquifer onsd wow aprreximitely 8.0 o leas. " Tha Yete
; In order = 1'1?08t150"9 hs reletlons‘lip betweon the aqaifer sen

af i ARt 3 A ; st l o s

tn:l _tho gravel g-aok 80 t!m!: crit:er o !‘or the seleobion of g,revel cen ba

mt!u, e-luip-rent was conatructed w‘lich permitted t.'m testing oi‘ different

aen*l-grevel ca*ﬁainationa. mo tast e.p ~ara'us en:\ the test pronedure
were designai 0 ‘*hnt roasurens nta or dischar-e, pia*omauric heads 111
L aneifer T I BpTas v Eib g Gl
both t.?ea smd ani tho gravei, tha a«o\mt oi‘ amd r.zmrad, e.nd the wnter
- puiod L0 TeBs 59 £ ih L si22 in

tompara!mra cfmld bo mnde. Only uﬂ!‘am sa-ﬁs mi gravels ware usod

5. £,

‘jl’“"‘;-‘i}‘-"v s 54 5‘:,:: i b Lo i y 5] & gy v L

in the testing probram. ‘!'he; nﬁxlmn unifamity eoerrioimts woro 1.68

$n Snoes e'd 3 ag: Homs iaag of thm Tel reclos
for the aquif&r ssnds and 1.52 for the pack yavols. :
the Dopd ieng 2iiaepr szala Ingress et & Blomer Loy taka
The eontml of the mve-nmt of Khn aqal!‘er aa-rl is the rwoat importent
£F ~m ogpe #F el
functinn *hnt € gravel pack must pnrfom- '?horetore, tho relationshins
' i S A | 2 7 < ] : 5 witig &% ."; 1". (-1 Lhas Ssn 1aow 5 - u'.‘- e T P hal ed \-_-1
of the ano*m* of ssnd roved %o sovcrrrl factors wero aqdied. 'rhosa
if"': guceosszl -..-a'.;.'. T&GE 32 ta ba aalratad. T UHD ARG a2l33
e eV e T o o i R i K S T e e R e e i i ot 2 i ek T -
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'factors were &s follows: (&) the valoslty of tho woter through the
“gend volds; (b) the hydreulioc grediemt in tho seals (c) the retlo of the
‘B0-porcent sizes of the gravel to the ssnd, eclled the pock-equifer
rotio (P-A retio) in this study; end (4) the unifornity cooffisclents of
“the gravel end send.

The sovond functlon vhich e properly sclectod pravel peck perforas
i3 to insure minimum hosd loss in the peeck i5self, end also miniwum
entranse 1nss et the woll by permitting ths use of moximum size slots
in the well screen. ?ﬁerefcra, the rolationship of the omount of sand
movod to the hesd 1-as in the grevel pace wes studled. 8.0

Stebility of the sand, i.e., when no sonl movement took place,
ocourred when the produst of the peok-eyuifer retio en! the uniformity
cosfficlent of the agilfer sand wes nbproxiwﬁteiy“e.o or less.' The rate
“of incrsess in the smount of send moved wes vory smell until the product
of theze two feotore’ Faashed epproximately 8.0,

“The hosd 1nos in the gravol psch: wes not sppreciebly affsoted by
‘the movement of the send et the ead of @ $0 minute test run, at packe
“squifer retios less then opproximetoly 7.5. 2s the P-A retlo incressed

“fpom 8 67ell valus to 7.5, the effect of the inereasing grkvﬂl slze in
decreesing the heed loss wes groater than the effest of the sand moved
in inoreasing the heed loss. However, et lerger values of the P=-A rﬁtio,
the hesl loss elither ejain inereased, or dooreesed et o slower rote then
if no send hed moved.

The resalts of this study show thet two feclors nust be cansidore&

Af ® succossful gravel paclk s to bo selected. The two factors sre




«Ble

(a) the pack-pquifer perticle slze reletlonship, es meosured by the

o83

o pack-squifer retics ead (b) the unifernity of the eqalfer seal es
-2 mossured by the unifornity coofficient of the sand.

gy The eriteris sugrostod by tals staly for the selection of

efficlent gravel pecks ers e3 followst crpe tewvar ©lsos
() Tas gravel shoald be selscte! so thet the product of the
7oy pack-squifer ratio ani the unlfornity goafficient of 't‘no'
- equifer gsond L3 from 5.0 to £40. sing ‘o Wine olen
_ wniek s (P=A retio) = (C, equifer) «. (5.0 %o 8,0) .
(b)  Only equifer sends with uniformiby eoefficionts of 2.0 or -
“5 ‘Jess shonld ke gravel packed. centnEss by wolahd gnel
v Whny oGy equifor) = 8.0 %
Although not & result of this study, it is further saggested thel
the uniformity coefficient of tha grovsl should nobt excesd 240.
(Cq peck) = 2.0 S o
These conaluslons ere Based on laboratory stalles of e rather
linmitel renge of sends. Farther sftudy of the flow of senl Into wells,
perticularly for sends wlth higher wmiforsdty coofficionts may make 1%

necessery %o change the consbmats in tho recamenied oriterie.




e

S

i
4

=

wlfle

ARIORIALE S
- DEFINITIONS

T . “ P " ¥ ¥ ;] e PO R — e s b A i
Tha axthors ers EPaueiad To vre Iy Ve Pobtorson; B Es Coda

Jqulfer: Water bearhg i‘ov-nation.
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iﬁrnwl pae‘:, gravel mvslopm Salacte:l grawl lnyor placed eround
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wall soreon,

Depariment fer taslr help in plasdng She ghuny snd internroting the
. P_aok-aquifar rntios Ra 1 of Eo-parcant nize of' g,ravel paok to
Lo fy B NMOulngsn of 4 a"._‘ \..,n‘f'z:, Lo alleld :;
Bo-paroeat gize of nqqi.fer. ;im Eo-parcenb aize ‘s that slze
'33'13 BRa9 8 el 'j rovisw of tha v Yl i -‘,.‘. w Retvas Foy Lig
3 which hes 50 peromt by wslght amllcz- taen lt u and 50 parcont
101{‘ in dagizaling soce of 3% SRIUT.

lerger, Othar pereentage sizes sm‘t es 10, 15, ea end 85, rofer
to tha elzes thet have tho designeted porsonteges by weight smeller
than they ure. Bt 7

Uniformity éoarﬂoient: The retio of the so-parcc;nt eize of the

matoriel % the 10-porcont size.
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Table 1,--SCMMARY OF RESULTS OF TESTS TO DETENMINE THE FIGW OF GAND AND THE Xdow OF HEAD, BT T S P U
FERENT PACK-AQUIFER RATIOS, WHE! USED WITH WELL SCRERNS OF DIVERSE TYPES AND DIFFERENT SCHEEN CEENINGS,

Test Send Gravel Pack- Dischkarge Amount Inter- Well screen Water Plezometric head in inches of water in

O 0,875 0,675 0.675

ne, size size aqudfer Tnitial Final Jverars of sand face T5pe  Slot temper- manometers at final discharge
ratio moved  screen opening ature
U. 5. Inches Hegh " iegres lo, o, To. o, TG.
: gisve or sleve GPM e oMM Crams per Inch F 3 g 8 13 15
nunbers numbers inch
(@) (@) (<)) () . () .
1 20-30 Z-inch 216.2 0,325 0,325 0,325 5.6 10x10 B 3/16 57 21,57 17.28 16.57 16.56 16.55
Dt " " 0.650 0.640 0.645 7.0 L= n 56 27.77 16.68 1L.,57 14.55 1h,52
3= a " 1,30 3.26 13.26 L5 AR e £ 38,71 15433 9.87 - §.BS . 9406
=i nw n " 2.8  2.70 2.59 38 M R £0 70,0 31,12 .35 21,23 20.97
e s ” 0.315 0,315 0.315 3.5 WS T 0200 1 5 13,01 (8353 7.83 7.62. 7.6
[ n n n 0.640 0,430 0.635 © 6.3 " ol " 53 25.33 15,25 12,7h X2.12 12,69
Tl oo " » e s U i T 28.7 AR 1SS 53 39.6h 15,87 10.35 10.28 10,22
§ " n n 2.8 2.70 2.59 92.8 WL » 52 66,80 29,22 20.70 20.57 20.35
g . .m n n 0,325 0,325 0,325 3.8 7 SRR 316 52 11.30 7.22 b6 6L . 6.L2
=3 T » i 0,605 0.435 0.640 SRR 4™ SR 51 25.28 15.50 13,63 13.62 \o.62
TP " T RN - e S e 83 37.53 1k.90 10.06 10.03 E.;a
19¢, = » " 2 .54 2.78 2.65 1265 ; L 5L | #r6l.b L2730 NP8 2e 45 A R
s 135 20-30 Jeineh 16,7 B3¢  cem e Wash . &b B 3/16 SN (o TR IR g o
> out . ]
13 20-30 - }-inch 8.2 0.32 2.6 10x10 B 316 56 7.62 3.0 .27 2.0k $4a
14 " % = ) 0,646 .5 3 o o 52 6.2 16,62 A28 1h2h 1423
e n n 1.29 14,9 b WL e Lt Ehe27 A7.76 21.300 11,06 10.77
36 » * 2.5 12,9 bt W 70,8 32062 20.11 20,12 1.3l
17 " " n 325 p,a3ey 7. Wkl o Sae T 213.15 8.88 17.66 7.6k 7.60
i . « . 0,402 3.2 g m e 50 27.90 16,29 13.72 13.67 13.57
L Sl " = x.28 13.9 BT » h.  L43.85 16.77 10.58 1010 10,02
20 " n 2.5 35,3 v » " LG 7o 294 19.55 19.00 1E,.32
sl By . . 0.32 UBLS e W 5o 50 6,78 1,65 0,69 0.67 0.8k
22 " n # 0.6%2 3.8 " » N L% 29.37 Y43 1hoe2 A6 U408
23 m “m " 1.30 (1.2 1,25 . 13 R 48 L5.08 16,57 10.46 10.36 10.08
ok n n B 2,50 2,66 2,58 2.2 n = » L8 75 28.1T 20,60 20,02 1927
33370 N b = 2.k 2.56 2.52 1.3 6&x6 B 3fi6 i3 43,61 23,77 161 17.62 17.26
134 20-30 3.inch 8,1« 5,64  5.26 5,18 886 6&x6 B 36 L4 85, U590 395 3176 36.42
25 20-30 1/B-inch 5,0 0,325 0.320 0,322 2.0 1030 B 1/8 4B 11,66 6.83 5,87 5.82 5.65
260, " " . 0.645 0,435 0.640 1.8 " . " 2 28,68 17.00 1L.,16 1h.0L 13.51
27 " " Taabae, 1.26 1.0k 5.7 Mg W 8 16,10 18,58 11.13 10.77 9.50
28 = " " 2.39 12,67 2,53 8.3 LS ol L5 8. 36,18 23,32 297 9.4
29 » L " 0.320 :0.315 0.318 2.6 " C 0,00 = 625 1.h7 0.20 015 0.0
3 " " " 0.650 ‘065 0.648. 6.6 ' 2w 0w Lé 30.50. 17,32 1h.26 1412 313.72
31 " " » p 1 127 .1.29 Tk e s e LT 48,00 18,70 11,29 10.97 10.18
32 * " » 251, T2.92 2,52 Te5 A B L2 77.5 37.13 2h.00 22,88 20.73
Ey % . 0.325 0,320 0.322 3.3 i A [ 1 26,54’ 22,50 21.95 21,560 21.75
3. " » . 0.650 0,645 0.652 2.7 $o oy K Ly - 20,85 16,73 1h82 1L.76 1403
03 " " " 1.22  1.29 1.30 5.2 " n " s Lkt 17,80 12.L8 12,32 10,27
3% " " * oy 2,81 2,58 8.6 n ” n L T0.7 | R6T 215G 2045 2B.hhy
i €3 Sy » " 0.655 0,655 0.655 6.0 &6 B . » Lo zhJd 2752 15,6 156 15,19
132 20-30 1/8-inch 5 5.1 &5 D /8 LA 27,85 19,90 17.65 17,56 17.20

"
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Table 1,--SUMMARY OF RESULTS OF TESTS TO DETERMINE THE FLOW OF SAND AND THE LOSS OF HEAD, AT VARIOUS DISCHARGE XATES FOR DIF.
FERENT PACK-AQUIFER RATIOS, WHE! USED WITH WELL SCREENS OF DIVERSE TYPES AMD DIFFERENT SCREEN OPENINGS.

Tost Sand  Oravel Pack- Discharge Amount Inter- Well screen Water Plegometric head in inches of water in
VE

no, size size aquifer Tage of sand face Type 5lot temper- manometers at final discharge
. _ratio moved screen opening ature
U, 5, Inches Tesh Tegree No, Yo. We. Vo, Yo,
sieve or sieve GPM GPM GPM Grams per Inch F 3 5 8 13 15
numbers numbers inch
(Qj_) (Qr) [Qa) (c) (t)
1 20-30 #-inch 16,2 0,325 0,325 0,325 5.6 10x10 B 3/16 57 21,57 17,28 16,57 16,56 16.5
2 " 9 " 0.650 0,6L0 0.6L5 7.0 " " G 56 27.77 16.68 14,57 1L.55 1L.52
q.. g " 1.30 1,26 1,26 _ 15.9 N i sy. 38.71 15.13 9.87 9.85 9.76
y » " " 2,l8 2,70 2,59 38.1 n n " 50 70,0 3312 21,38 21,23 20.97
5 w " n 0.315 0,315 0,315 3.5 " C 0,200 53 13,00 6.53 7,83 7.82 7B
b W " n 0.6L0 0,630 0,635 6.3 n n " 53 25,33 15.25 12,74 12,72 12,69
7 n " " 1,31 1.2 1.29 28.7 L " Ly 53 39.64 15,87 10.35 10.28 10.22
Blut ™ " n 2.8 2,70 2,59 92.8 R W n 52 66,80 29,22 20.70 20.57 20.35
Q- n " 0.325 0.325 0,325 3.8 n D .3/16 52 11,30 7.22 6.L6  6.LL . 6.42
10 " " " 0.6L5 0.635 0.6L0 3.5 " » " Sl 25.39 15.50 13.63 13.62 13.62
et n n 130 . 1.27  38B 216 " L 53 37.53 1L.%0 10,056 10.03 9.98
12: n n 2,54 2,76 2.65 126.5 LT n 51 64,5 27.30 22.28 22,15 21.89
135 20-30 3-inch 16.2 0,322 -— — Wash 6x6 B 3/16 — o e | e e | e
out
13 20-30 4-inch 8.1  0.325 0,320 0,322 2.6 10x10 B 3/16 56 .00 3.0 .27 . 2.4k 2
s i T n W 0,655 0,640 0,648 L.6 " " " 52 28,29 16,82 1L.28 1L.2L 1L.a3
35 " " 1.29  1.29 1.29 1.9 n n " L7 Lh.27 17.76 11,30 11,06 10.77
16 " " n 2,50 @ 2.66 2.58 12.9 n n " Lé 70.8 32,62 20.l1 20.12 19,31
17 " n " 0.325 0.325 0,325 2.9 " C 0.100 52 13,15 8,58 7.66 7.64 7.60
8 " " 0.645 0,640 0,642 32 5. " » 50 27.91 16.29 13.72 13.67 13.57
19 " - n 1,30 . 1,27 ik 13,9 " " " L8 43.85 16.77 10.58 10.41 10.12
20 " n n 2.6 2,62 2,54 35.1 n n " L8 72,k 29,44 19,55 19,00 18,32
21 n n L] 0.325 0.325 0,325 3.5 n . p 376 50 6.78 1.66 0,89 0.87 0.8}
22 n n n 0.660 - 0,645 0,652 3.8 " " " Lo . 29,37 16.1 14,22 14,16 14,05
2 " n " 1.30 1,26 1.28 13.1 " " n 18 45,88 16.57 10.L6 10,36 10,08
2 n n " 2.50 2,66 2,58 32,2 n n oom L8 75. 28.17 20.60 20.02 19.27
133 " n " 2.4k 2,5 2,52 31,3 6x6 B 316 L8 L3.61 23,77 18,11 17.82 17.26
134 20-30 3-inch 8,1 5.0 5.26 5.15 88.6 6x5 B 316 18 85. L5.90 39.l1 37.76 36.22
25 20-30 1/8-inch 5,0 0,325 0.320 0,322 2.0 1010 B 1/8 L8 11.66 6.83 5,87 5.82 5.66
26 n n n 0.645 0,635 0,640 1.8 e o L5 28.68 17,00 14,16 1L,01 13,61
2y " 1.3 126 1,28 5.7 by L L8 L5.10 18,58 11.13 10,79 9.98
- n n 2,39 2,67 2.53 8.3 LR T L6 8l. 36.18 23,32 21,97 19.7h
29 n n 0.320 0,315 0,318 2.6 " C 0,040 51 625 1,47 0,20 0,35 0/00
30" o " 0.650 ' 0,6L5 0,618 6.6 2 A I L8 30,50 17.12 1L.26 14,12 13.72
n-oN " » 1910 )27 1.29 7.1 ot AL L7 - LB,00 18,70 11.29 10,99 10.18
32 " " " 2,51 .72 2,62 7.5 " b " L2 77.5 37.43 24,00 22,88 20.73
33 m " " 0.325 0.320 0.322 3.3 »" D 1/8 51 26,54 22,58 21.96 21.90 21.75
B " ) 0.660 0,645 0,652 241 » Lie 5 L7 28.85 16.73 1h.89 14,76 1LJA
AT * " 1,32 1.29 130 5.2 N " - ia L5 Li b7 17,80 12,46 12,12 11,27
3% " " " s ks 2,61 2,55 8.6 LR R | Ll 70,7 31,67 21,54 20.Lh 18.LL |
b ) n n 0.655 0,655 0.655 60 65 B " Lo 24 la 17.42 15,61 15,48 15.15
132 20-30 1/8-inch 5.0 0.675 0,675 0.675 L5 IR TR e 1 48 27.85 19.90 17.65 17.56 17.20



i O

R R

il

T THLEIT PR T T IO Wy Ry

Test Sand Gravel Pack=- Dischar, Amount Interw Well screen Water Plezometric head in inches of water in
no, size size aquifer verage of sand face Type olot temper- manometers at final discharge
ratio moved . screen ning ature

V. 5., lnches TMesh Yegree Wo.  No.  1o. No.  No.

sisve or sieve GPM GPM GPM Grams per Inch F 3 5 8 13 15

numbers numbers inch

(Qq) Qg) (Qp) (c) (t)

37 30-40 1/1é-inch 3.7 0.325 0,3200.,322 2,2 118 B 1/16 50 27,28 16,98 1L,BL4 1L.57 13.86
38 o ¥ " 0.645 0,625 0.635 2,2 . » . L7 52.2 22,0 1lh.97 1h.35 12.77
29 ® n n 1.2k '1:33 128 2.8 " noom 46  B83.3 32.71 19,31 17.57 13.54
Lo » » » 0,330 0.320 0,325 1.7 ¥ c 0,040 51 21,33 8,08 5,08 L.82 L,03
0w n n 0.655 0,630 0,6L2 1.9 o o 48  s58.Lk 24,99 15,32 14.72 13.16
L2 n n n 123 132 1.2 2.6 " " " L7 86.4  3L.77 17.63 15.87 11..8
i o n n 2,52 2,87 2.70 2.2 € = " Ly 132, 56.3 l1.17 36.73 25.62
Ll " . " 0.325 0,320 0.322 L h D 1A6 L6 28,99 17.29 14,68 1L,39- 13.61
s w n n 0.655 0.6L5 0,650 1.5 " " n L6  57.3 24,37 16.49 15.86 1L.20
s n " e 1,23 186 1.5 2.7 " " " L5  B1.3 32.19 15.98 1L.35 10..0
47 30-40 1/1é-inch 3.7  2.37 2,62 2,50 2,6 B wiE ow L5 123,5 60.3 36.58 32,72 20.69
98 . L0-50 1/a-mch 1.7 0,325 0,325 0.325 19,0 &x6 B 116 b 28,62 8,32 5.8 542 5,25
99 n n 0.6LS 0,655 0,650 L2.,1 n " " Lk 62,9 26,63 15.32 15.53 15.16
00 " " n 108 < 1.9 1,30 . 837 " w47 N L3 83,5 28.57 15.12 13.92 13.07
0L " n " 0.325 0.320 0,322 15.9 LAl TR L8 32,27 13.L5 10.03 9.96 9.80
102 " n n 0.6L0 0.6L5 0,642 T73.9 ' n " L8 69,5 24,58 15,36 1L.56 1L.21
03 " n n 1.29 1,36 1,32 221.1 " " n L8 101,  34.95 18,L3 15.08 1L.03
w0 " " " 0.325 0,325 0,325 16.9 " ¢ 0,020 L8 30,07 1L.55 10.92 10.85 10.68
05 * n n 0.6 0.6L5 0,645 LB.6 RN L s6.6 24,60 14,78 1L.59 1L.25
106 " n " 12608 Aol oyt ya n n " L6  88.3 28,70 13.32 11,49 10,72
107 » n u .325 0.320 0,322 27,1 " ¢ 0,040 L9 30,16 16.08 12,74 12,64 12.48
108 " » " 0,640 0.6L0 0,6L0 L9.5 " " Ll 52.8 22,61 1L.Lho 14,19 13.86
09 " n " 1.28 1,30 1.29 100.6 & . n b6 B85, 26,26 13.47 12.05 11.2k
110 " n n 0.325 0.320 0.322 18.5 " C 0,100 50 30,01 10.65 7.39 7.6 7.0
3. o " " 0. @.650 0,68 T1.5 " " " B  67.3 24,78 15.62 1L.69 14,33
TEEts N . " 1,30 1,39 1,3  199.2 i . " L8  96.5 33.48 18,93 15.18 1L.36
b i » 0.325 0,325 0,325 25.6 " D 116 50 17.23 12,66 12.57 12.la
1 = Ly " 0.650 0.650 0,650 59,5 " » " ] 55. 26,01 16,31 15,37 15,02
e n n 108 0  1.90 1.29 6.2 n " ) L8 84,8 30.79 15.85 12.7h 11.91
nE  » n " 0.325 0.320 0,322 26.2 Sl S £ 51 32 ST 1731 15T 1151 1037
117 " " " 0.655 0,660 0.658 73.6 " " " L9 20.26" 1713 16,13 15.051
118 L0-60 1/8-dnch 11,7° 1.28 1,31 1,30 1L3.3 . D L9 87.5 31.20 14,93 12,97 12.13
136 Lo-60 B8-10 7.6 0.320 0,315 0,318 4.3 6x6 C 0,020 - 53 22,87 B8.62 3.80 3.70 3.k2
137 n n Ao 0.655 0,665 0.660 7.9 n " " 53 51,5 25.6L 17,26 17.05 16.L7
138 n " n 1.25 1.27 1.26  10.9 Al 52 96, 21.62 11,88 11,43 10.21
139 . L . 2.la 2.,L3 2,42 12,6 " . " 52 127.5 35.55 17.47 16.45 13,87
o v " " 0.325 0.320 0,322 5.6 % Dii1/18 sy 21,36 8,98 5.0 5.37 5.08
Uy n n n 0. 0.6L45 0,642 7.6 P 53 18,76 23,00 1L,97 1L.76 1L4.17 -
ALiZe: 18 s ' 1.28 1,30 129 8.5 Rl WL U - 25,77 13,68 13,24 11,98
143 - n n 2,9 2.54 2,52 9.6 n " " 52 13L. 38,18 21,60 20.58 17.77
g . BT T.080 0 158271300 | 13,2 SR L s, 78,0 30,17 1L.36 13.76 12,k
1,9 hko-60 8-10 7.6 2,54 2.6k 2,59 146 S B 53 140,5 LbL.,30 2L.24 22,55 19.97



fable 2,--SUMMARY OF DATA FOR PLOTTING AHOUNT OF SAUD iOVED, INDRAULIC GRADIENT TI7 SAMD, 41D HEAD LOSS IN GRAVEL PACK
AT DIFFERENT PACK-AQUIFER RATIOS ALD DINFERENT DISCIAKGES.
rast - Sand Gravel Pack- Average  Porosgity Averape Amount of sand Final Head loss Hydraulic Head loss
io. slze size aquifer diccharpge of the velocity moved discharre in sand pradient in gravel
ratin sand in sand Test Ter botween in sand between
pores run sqUare taps 3 between taps & and
: foot of and § taps 3. 15
- interface and 5
~  U.5, sleve Inches G ft/scc CTrans flirams per  GPH Inches Inches
numbers or sieve square
o numbers foot
[1]
(Qa) (ng). (%), (6) ' % Q) U, ) Uyg) (B 0)
"1 2030 inch 16,2 0,325 0.5  0.00903 5.6 31,3  0.325 .29 0.968 0,02
2 T n " 0.6L5 " L0179 7.0 381 0,640 11.09 2.50 0.05
3 " . ! 1,28 n L0356 15,9 256, 1.26 23.58 5.32 0.11
b " n n 2.59 " 07200 38,1 213, 2.70 38.9 6.78 0.38
5 n " n 0.315 " L00875 3.5 19.5 0,315 L8 1.011 0.02
6 " n " 0.635 f J0177 6.3 35,2 0.630 10,08 2.27 0,05
7 " " " 1.29 5 .0359 20,7 160, 1.2 23.77 5.36 0.13
8 u o o 2.59 " 0720 92.8 510, 2,70 37.58 6.L0 0.35
9 B o " 0.325 " 00903 3.8 21,2  0.32% Li,08 0.921 0.0k
10 ;] " " 0.6L0 » 0178 3.5 19,5  0.435 9.89 2,23 0.01
1 n n " 1.28 " L0356 27.6 15k, act 22.63 5.10 0.09
12 " " n 2.65 " 0736 126.5 707, 2.76 37.2 8.39 0.37
135 20-30 3-inch 16,2 0,322 0445 0.00095 Wash Wash 0.322 = = —
out out :
13 20-30 J<inch 8.1 0.322 o.lb5  0.00895 2.6 1L.,5  0.320 3.99 0,900 0.06
1k " " h 0.6L8 " 0180 L6 25,7  0.6L0 11.h7 2.58 0.15
15 n " n 1.29 " L0359 1h.9 83.2 1.29 26.51 5.97 0.53
16 " " " 2,58 . Ry agn 1A 2.66 38,2 6.62 1.10
17 n n n 0.325 n .00903 2.9 16.2 0,325 k.57 1.031 0.06
16 " " " 0.6L2 " LT 3.2 -17.9 0.6L0 11,62 2.62 0.15
19 " " n 1.28 " L8556 0139 ' TLT a2l 27.08 6.11 0.L6
20 " = n 2,5k " L0706 35.1 196, @ 2.62 h3.0 9.70 1.23
21 # . " 0.325 " 00903 3.5 19,5 0.32% 5.12 1.15 0.05
22 L n " 0.652 " 081 3.8 21,2 0,65 12,96 2,92 0,17
2 n n " 1,28 " L5956 13,1 132 1,26 29.31 6,50 0.38
2, " = - 2.58 " L0717 32,2 180, 2,66 L7. 10.60 1.33
133 . n n 2,52 o L0701 31.3 175. 2.56 1y.6l b.b7 0,85
13 20-30 3-inch 8,1 5.5 o.hl5 0,243 88,6 LS5, 5.26 a9, 8.80 3.19
25  20-30 1/8-inch 5,0 0,322 o.hls  o0,00805 2,0 11,2 0,320 .83 1,09 0,21
26 " n n 0.640 W 0178 1.8 10,1  0.635 11.68 2.63 0.55
27 " n n 1.28 n ERSUER 91y | 1,86 27.52 6,20 1.15
28 " " ¥ 2,53 " 0103 B3 - b6 2.67 L5, 10,15 3.58
29 n n n 0.318 " L0088, 2.6 . 0,315 .68 1,06 0,20
30 " " " 0.,6L8 " 0180 6.6 36.8  0,6L5 13.28 3.02 0.54
31 . = o 1,29 R 0359 7.1 Eg.é 1.27 29.30 6.60 1.11
32 . . y 2,62 g .0728 Teb 9 2,72 ho,1 9.05 . 3.27
33 . . " 0,322 » 008 3.3 18k 0,320 3.96 0.893 0.21
34 » " " 0.652 n 0181 2.7 15,1  0.6L5 12,12 2.73 0.48
3 “ n " 1.30 " 0362 5,2 29,0 1,29 26,67 6,01 1.19
36 » # " 2.55 v L0709 8.6 L8.0 2,61 39,0 8.80 3.10
131 - n " 0,655 B EOIBZe Gl 33, 0.655 6.99 1,58 0.46
132 20-30 1/8-inch 5,0  0.675 o5 0,018 51 28,5 0,675 7.95 1,79 0.5
73 30-Lo0 i-inch 12,7 0,315 0.L45  0,00875 10.3 57.5 0.310 10,61 2.39 0,09
(n " " n 0,660 " L0108  B0.6 Lso, 0,660 2L.09 5,43 0.47
75 . ! o 1,28 g <0356 328.7 1837, 1,29 29.3 6.60 3.08
76 5 " " 0,318 » .00884 14,9 B3.3 0.315 13.78 3,10 0.21
17 " " " 0.650 " L0181 L1.1 229, 0.6l5 26.90 6.06 0.3k
768 " " " 1,28 " .0356 249.8 1396, 1,30 Lo.6 9,15 2.5
79 o " - 0,322 - 00895 13,7 176.5 0,320 12,22 2.76 0.08
8o n n " 0.6L8 " L0180 995 555, 0.6L5 30.36 é.85 0.68
81 " n " 1,32 " L0367 N66.7 2610, 1.3k L8, 10.82 5.0l
82 " - » 0.318 " ,0088L 13,9 77.7 0,310 1.7 2.58 0.06
8 n W " 0.652 " LOL01  L7.L 265, 0,650 23,03 5,19 0.16
8L  30-L0 j=inch 12,7 1,29 o.bhs  0,0359 201.9 1129, 1,30 35.8 8.07 2,58
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Jble Ze==DUIIAILE VP UALA TUIC FLULT LG ANUUHE Wi AL 0VIL) ) NUMOWELY UMADLILIT LN BAND, AND HEAD LUDU LH WAVEL FAUR
AT DIFFERENT PACK-ACUIFER RATIOS AMD DIFFERENT DISCHANRGES,--Continued

e T R
st Sand Gravel Pack- Average Porosity Average Amount of sand Final Head loss Hydraulic Head loss
b size size aquifer discharge of the velocity moved discharge in sand gradient in gravel
ratio sand in sand Test Per between in sand Dbetween
: pores run  square taps 3 between taps 8 and
foot of and 5 taps 3 15
interface and 5 :
— U.S5. sieve Inches “GPIT ft/eec  Cramc (rams per GPH Inches Inches
numbers or sieve ; square
nunbers foot
| — -

4]
Q) ) - ) ) . Ca W) (B aliezy g

18 30-L0 1/8-inch 7.8 0,322 0.ulS  0.,00895 3.0 16,8 0.320 12,53 2.83 0.22
e o ! 0.560 1 L0184 7.0 1.3 0.655 31,2 7.03 0.5k
0 " " " 1.27 " SOAET 232 ¢ 1380 199 h7.3 10.68 1.1
7 " h 2.61 " .0725 9.2 Sl 2:73 555 12,52 3.4k
2 " " " 0.320 . .00889 2,8 15,6 0,315 11,75 2,65 0.2}
g " n 0.650 " L0181 5.9 33.0 0.650 27.8 6.26 0.53
&k M " " 1.29 B 035917 9T 1.3 L7.3 10.68 1.26
% " " 2.60 by L0723 13,7 76.6 2.73 59.5 13.h2 3.93
g, W n " 0.322 " 00895 L. 246 0,320 11,47 2,58 0.22
9 °* " " 0,652 " 0181 6 35.8 0,650 28.7 6.47 0.51
g " - i 1.29 " 0359 25,9 15, 1.3l 52.5 11.83 1.27
EORE N n n 2,55 " L0709 15,3 85,5 2,67 6L, 1h.k 3.87
6 " = . 2.52 n .0701 7.7 h3.0 2,57 56.5 12,74 3,03
g * n n 0.325 " ,00903 5,1 28,5 0,325 11,78 2.66 0.2k
&2 n" " 0,645 " L0179 8.4 L6.9 0.6L0 25.1 5.66 0.55
2 n " " 1.30 n Flec N o T | 39.3 8.86 1,38
n " " 2,57 h 07k 19.3 108, 2.66 58.5 13.2 3.35
g " " " 0.325 y .00903 6.6  36.8 0.325 9.90 2.23 0.22
6 " " " 0.650 " 0181 12,0 67.0 ©.550 23.5L 5.30 0.5k
6 " o " 1.28 " 0356  33.5 167, 1.28 .5 9.36 1.30
8 " " . 2.57 " O7 30,7 1705  2.65 60, 13.5 3.h6
69 " n n 0.322 " .00895 L.8 26.8 0.320 11,52 2,60 0.3k
7° ¥ " " 0,652 " .0181 11,0 61,5 0,550 30.6 6.90 0.54
" n " 1.30 n 03620 391 107, 132 2.8 9.65 1.38
" " ", 2 2,60 " o b o B e LS e T 55. 12.h 3.2k
ne: * " L 0.322 " 00898 B0 27.9 0.320 0,07 2.0k 0.19
20 " " n 0,652 n L0101 9.3 51.9 0.650 22.76 5.1h 0.L47
T3 M " " 1.30 " 032 28.3 150, 1,31 38.5 8.68 1.5
122 " n " 2.62 " 0728 25.6 1h3, 2.72 LG, 10,62 2.08
Izi " " n 0.325 ] 00903 5.7 31.8 0,325 9.05 2,0k 0.22 _
12 " " " 0.652 n L0181 9.0 ©0,3 0.650 20,38 .59 0.5
125 " L " 1.79 n .035 23,7 1385 1,30 36.9 8,32 1.721
PEN M e n " 2.58 " T 2B 199, e 6.5 10,19 2.82
12 " n " 0.322 p .00895 6.6  36.8 0.320 9.57 2.16 0.18
12 n n " 0.445 % 0179 102 57,0 0.6k0 20,07 L.57 0.52
12 '® " n 1.29 n L0359  27.6 15h. 1.30 34.8 7.85 1.3
130 30-40 1/8-inch 7.8 2,5 0.kl  0.0711 26.7 1h9. 2.62 19,5 1117 3.24
37 30-Lo 1/16-inch 3.7  0.322 o.lh5  0.00895 2.2 12.3 0,320 10.30 2,32 0,98
5. R, n " 0.635 " L0177 2.2 12,3 0.62% 30.1 6,78 2.20
39 n L " 1.28 n L0356 2.8 15,6 1,33 50.6 10,42 5.77
bo » n n 0.325 . 00903 1.7 9.5 0.320 13,25 2,98 1.05
el " " 0,642 " L0179 1.9 10,6 0.630 33.0 7.5k 2.16
k2 - n n " 1.28 n 0356 2.6 1L.,5 1.32 51.6 11.63 6.15
k3 n " " 2.70 " L0751 2.2 12,3 2.9 66, 1k.9 15,55
by » " " 0.322 " 00895 5.7 31.8 0,320 11,70 2,6l 1:07
ks » " " 0,650 " L0181 1.5 8L 0,6L5 32.9 7.42 2.29
kb n " " 1.2l " L0345 S i 1 Tl T L9.1 11,08 5.58
L7 30-Lo 1/16-inch 3,7  2.50 0.Ll5  0,0695 2.6 1h.,5 2,62 63. 1h.2 15.89
98 Lo-60 1/8-inch 11.7 0.325 0,437 0,00923 19,0 106, 0,325 20,30 .58 0,23
99 n n n 0,650 n L0185 42,1 235,  0.65% 36.3 8.19 0.66
19 » " " 1,30 " 0369  83.7 L&B. 1.33 60, 13,54 2,05
m n L " 0.322 n L0091 15,9 868.8 0,320 18,82 L.25 0.23
12 n n 0.6L2 n L0182 73.9 L2, 0,65 s, 10.16 1,15
3 " " 1.32 " L0375 2211 1236, 1,36 66, 14,90 L,k
1 n n " 0.322 n 00923 16.2 9h.5 0,325 15.52 3.50 0.2h
o5 n n " 0.6L5 n L0103 18.6 272.  0,6L5 32.0 7.22 0,53
106 n " e A " 0361 1135 63k,  1.28 59.6 13.L6 2,60
17 = n " 0.322 " L0001 27,1 151, 0,320 14.08 3.18 0.26
g » n n 0.6L0 " L0182 9.5 276,  0.6h0 30,2 6,81 0,54
g = " n 1500 " L0366 10,6 562, 1,30 59. 13,32 2,23
LT n n 0.32? " L0091 18,5 103, 0,320 19,36 437 0.38
N1 = " " 0.6L8 n Q018 7.5 399,  0.650 L2.5 2,59 .1.39
{1? " " " 1.3 " L0380 199,2 1113, 1,39 63.0 14,22 L.57
lﬂ n n n 0.325 " 00923 25.6 1h3,  0.325 ey B 0.25
{1 . » " 0,645 " L0185 595 332, 0,650  29.8 6.72 1.29
115 » " " 1.29 " 0366 196,2 B73. 1,30 5. 12,19 3.9
115 " " " 0.322 n L0091 26,2 16, 0,320 15,36 3.6 0,20
11? . " . 0.658 ] 0187  73.6 l1l.  0.660 3.5 7.11 1.32
(118 Lo=60 1/B<inch 11.7  1.30 027 0,039 143.,3 601, 1,31 56.3 12.71 2,82

A i :




Table 2,--S(TMARY OF DATA FOR PLOTTING AMCUNT OF CAMD 'OVED, INTRAULIC GRADIZMT I SAND, AlID HEAD LOSS Iil GRAVEL PACK
AT DIFFERENT PACK-AQUIFER RATIOS AND DIFFERINT DISCHARCES,--Continued

Test Sand Gravel Pack- Averape Porosity Average Amount of sand Final Head loss Hydraulie Head loss
No, Size size aquifer discharge of the welocity movad discharre in cand gradient in gravel
ratio cand in sand Test Per between in sand between
pores run esquare taps 3  between taps { and
foot of and 5 taps 3 15
interface and 5
U.5, sieve Inches PN ft/sec Grams Grams per GHI Tnches Inches
numbers or siave square
numbers foot

G
Q) ) ) O SF Q) () (ag (g )

136 L0-60 8-10 7.6 0,318 0137  0,00903 6.3 35.2 0,315 11,25 3.22 0,38
13 ¢ " " 0.660 n L0188 7.9 L4 0,665 26, 5.86 0.79
e ” » 1.26 o L0358 10,9 800 1.27 7L.5 16,81 1.67
300 " " 2.2 n L0687 12.6 70.L 2,43 91,9 20.75 3,60
Lo " " " 0,322 " 0091k 5.6 313 0320 12,38 2.7% 0.36
351 .. » n n 0.6l2 n L0182 7.6 k2.l  0.6L5 25.76 5,81 0.80
12 L " » 1,29 ¥ L0366 0.5 L7.5 1.30 k9. 11.06 1.70
:5 g ] " " 2,52 " 076 9.6 53.6  2.5h 9. 21,65 3.83
Wg  n n " 1.30 " L0369 13,2 738  1.32 L7.8 10,77 1.92
149 L0-60 8-10 7.6  2.59 0.437  0.073% 1L.6 81.6 2.6} 96. 21.6 k.27
85  Lo-60 1/16-inch 5,5 0,320 0.137 0,00508 2.8 15.6  0.315 17.96 L.o5 0.99

86 " n " 0.652 " 0185 L.9 27k 0,660 Ll.9 10.13 2.87

87 " n " 1,32 n L0375 L.0 22570 1538 A 14,67 5.93

88 s ol " 0,322 " .0091L 7.7 L3.0 0,320 17.98 L,05 1.10

g9 n n " 0.6lL2 " 0182  6.L 35.8  0.6L45 39.5 8.91 2.50

90 " n n 1.30 n 0369 0.6 k8.0 - 1.33 63, 14,21 6.5

1 n u 0.322 " L0091 2.5 14,0 0.320 18,07 L.o7 1.0k

- 92 " ", n 0,6L5 " 0183 2.8 15.6 0,650 34,6 7.00 1,98
gﬂ n n n 1.28 n .0364 3.0 6.8 1330 60.5 13.55 .84

LB n n 0.325 " .00923 5.3 29.6 0,325 1,11 3,18 1,00

95 m . n 0.6l2 ) L0182 b1 22.9 0,645 29.5 6.65 2.05

9% " n n 1.28 n L036L 6.9 38.5 1.29 57« 12,86 5.20

97 Ilo-6° 1/16—1“Ch 55 2.03 O-hj? 0.0577 6.3 35. 2,05 92. 20.75 997

1k  Lo-60 1416 L5 0.325 0.437  0.00923 3.0 16.8 0,325 11.6L 2,63 1.l2
ke ¥ n " 0,650 " L0185 2,2 12.3  0.A55 23.h2 5.28 2.75
955 - " n 1.27 " .03l 2,2 1290 00028 Ls.1 10,18 5.6
7 ® " " 2,16 " L0699 2.7 1580 s 90, 20,3 11,50
150 " " " 0.322 " L0091k 1.3 7.3  0.320 12,11 2.79 1.39
151 " " " 0.640 " L0182 1,2 6.7 0,640 23,50 5.38 2.70
152 n n n 1.29 " 0366 1.3 7.3 130 8. 10,81 5,86
153 Lo-60 416  L.S 2.5 0.l37 0,068L 1.5 8.k 2.7 9. 20.5 10,70
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