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ToAay'a rapidly de~eloping and changing terhnclog1es and indu~~-111 
pro,foct~ and pr~cticea hequencly carry vi.th tt,em the incTeaaed generacion of 
1ol1d and hazardo•Ja v1111us, Tlv, !e 111aterial&, if improperly dealt vitr, car 
thre;,ce;~ both pue lie h,tal th ant. the envirolllllent, Abandoned vaatl 1!t•,s anJ 
a~cidar,cal r~lea9es of tox!c ~nd hazardoua 1ubstances to the enviro11111!nt also 
have 1m;,ortant e;-,vironme'l!ta! and public hulth !.111pl1cat1on1. The Bazard"',a 
Waata En~inaaring R.eu:.!"ch LaboratO?"Y anists in providing an author:.tati11e 
and de!enn1.bl1! eng1:-ear1ng basis for auuaing and 1olving these pro·ole111'J, 
Its producta supper: t~e policies, progrsma and regulations of the tnviron
aental Proteclion Agency, the penitting and other respon1ibilitia1 of State 
and local go:ivu·runents and the needa of both large and s111all ':>usineues in 
handling tneir vaates re,~onsibly and ecooo,iically, 

Thi, report da1cribe1 1 1tudy concucted to verify the later&~ drainag! 
c0111poneot of the llydrologic Evaluat'..on ,,f Landfill Perfonunce (R!l.P', c0111r,uter 
aod<l u1iDg laboratory drair.age data fr0111 tvo large-Acale physical r~dele of 
landfill liner/drain ayatea:a, Drainage teatr v•re run to exm:lin• r·oe efacts 
that drainage length, llo!)e, hydraulic conductivity and depth of s11tura•.ion 
have on the lateral drainage rate, T'"nt drainage results vere coarared vith 
RnP model pradictio"a and numerical 1ulution1 of th• 8ou1atneaq equ.11t.on for 
U':llte&dy, unconfined flow tnrough porous 11edi.a, Det.aileci vater budge•.5, test 
~=arias, and tables of the test data collacted are ~ublished in aprendices 
u~der a sepat~tt report covPr, 

Thomas R. Hauser, Director 

Ra:z.ardous \lase. Enginuri::ig R.ue..-rc,1 Laboratory 
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ABS~RACT 

!wo larg~ ·scale physical models of landiill liner/drain system~ werR 
conct1~cteJ to exa~ine t~e effects that thP- length, slope and saturated 
hydraqlic co~ductivity cf the drain layer, and the ~d~th of saturation abov• 
the liner have on t!le S•Jbsurface l .. teral drain.:ge rate. The mc,J,.ls have dif
ferent lengths, 25.4 fr and 52.i ft, and ad~ustable slope ranging from 2 to 
JO percent. The modeln were filled with a 3-ft sand drain layer overlying a 
1-ft clay lin•r. A 2-in. layer of gravel was placed under the lin!r ~o col
lect seepage from the clay liner. 

Several draincgr. tes~s were =n ~n each configurat!o~ cf the mocels by 
applying water as rainfall to the surface of the sand layer, and then measur
1n6 the wat~r table along the lenzth cf the models and the lateral dr~inage 
rate a<J a function of tue. LatHal drainage rates and water table profiles 
were measured during periods of increasi~g, decreasing and steady-state drain
age rates. 

The draina~~ rates were used t~ verify the lateral draina~e c0111ponent of 
the Hydrologic f.valuation of Landfill Performance (HELP) mod•l. Dra:lnage 
results were compared with iv:t,P mc-rl~l predic:ions and numerical s~lu:ions of 
the Bo~asinesq equation, which sppl~ea Darcy's law to unsteady, unco,fineJ 
flov through porous media. Seith• r the HELP ruodel nor the !!oussinesi solution 
agaed e011:pleuly vit!t the draina!l~ results. The HELP rcodel predict.!c tho! 
e:fect of increasl!S in del)th .,f sa~ur.1tion and ':yd:-aa!ic ccnduccivitv very 
~ell, ove~e~timated th~ ~ra(. 1L~ rate resultin; frcm increases of slope, and 
..:nderestic,attd the drainage r.i:~ resulting from incree.ses c,f cirainagu length. 

This report was sJbmitted in partial fulfillment of Interagency Agreement 
D~96930236-0I-0 b~tveen the U.S. Environmental Protection Agency and the 
r.s. An,.y Eng1nee:- IJateniays E:<peri:ient Station. This report covers a period 
from J .ne 1983 to September 1986, and work••• co:ipleted as of September :986. 
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SECT:ON l 

EXECL':'IVE SL'Ml'.ARY 

PURPOSE AN'D SCOPE 

This s:udy was conducted to test and verify the liquid management tech
nology for lateral subsurface irainage in covers and leachate collection 
systems. Th~ specific objective was to verify the lateral drainage cOtDponent 
of the aydrologic Evaluation of Landfill Perfonance (HELP) Model (1,2) and 
other regulatory and technical guidance, provisions ~nd procedures devel~ped 
by the U.S. Enviror.~ental Protection Agency (CSEPA) (3). 

The HELP model is a cOtDputer model that ge~erates water budgets for a 
landfill by performir.g a daily sequential simulation of water move'llent into, 
through and ou~ of the landfill. The model produces es• ~ca~es of depths of 
saturation and volumes of runo!f, evapotranspiration, lateral drainage, and 
percolation. Lateral drainage is computed in thP. model as a funccion of the 
average depth of saturation above the liner, the alope o! the surface of th~ 
liLar, t',e leng~h to the drainage collec:or, and t':e hyd•aulic conductivity c! 
the lateral dr~inage layer (1). Therefore, to accomplish the objective of 
this study, the lateral drainage rate was measured as a function of th~ 
hydraulic conductivity, slope, len1;:h and Jep:h ~f satura:ion of th~ lat~•al 
drainage :3yer in large-seal~ physical models. The measured average depths of 
saturation, drainage rates and drainage ti~es in the physica: m~dels ~ere then 
compared with HE'-P mode! predictior.s .1nd nu1terical solutions of th~ Boussinesq 
equation, which applies Darcy's la·. t • unsteady, unconf ir.ed flow throui!h 
porous m~d~~. 

Two large-scale p~y9ical model.,.1 of la:-.dfill liner/drain sysce.:is were cc:i
structl!d ar:d filled wi:h a 3-foot (.:t.) sanJ drain l,yer overlying a 1-it clay 
liner. A 2-inch (in.) layer of gravel was placed under t"e !iner to collect 
seepage frOtD th• :lay. The models were instrumencej to measure the water 
table profile, subsurface lateral drainage rate, water ~pplication, runoff and 
percolation through the liner, E~apotranspiration and other water losses were 
estima:ed fro~ the water budget for each test. Th~ models have adjustable 
slope, ranging from 2 to 10 percent in :hi3 study; and diLferent lengths, one 
betng 26.5 ft and the other being 53,5 fc, 

Slveral Jrainage tests were run on each configuratic>n of the 1:1odels 1,y 
applyi,,g wa:er as :.~in foll to the surface ot the SF.11d layer, and then measur
ing the water tabl• aiong the length cf the modeld a~d tha lateral drainage 
T3te as a function of time. tat~ral drainage rates and va•er table profiles 
wo.re maasured during periot.s of increasing, decreasing and steady-state drain
age rates, !o these drainage tests, two drainage l~ngths were 
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co~p~:-~d--25.4 ft and 52.4 ft. '!'hree slcpes were examined--a?proxi:n.ately 2, 5 
an~ 10 ?ercent. Sands of two hyiraulic ccnductivities w!fe used--4 x

310 cent!~ecer/,ecand (c~/sec) (fine sand) and 2.2 x :o cm/sec (coarse 
sand) as ::ieasured 1::1 soil ~est ir.g pe:::1:1eameters, Four rainfall events were 
examined--a 1-hour (hr) rainfall at 0.50 inc~es/hour (in./rl), a 2-hr rainfa~l 
at 1.50 in./hr, a 6-hr rainfal: at 0.50 in./hr and a 24-hr rain:all at 
0.125 in./hr. Also, water w~s applied to the sar.d for a long rericd of ti..:ne 
(generally mor~ than 36 hr) at a rainfall intensity which -ould maintain the 
averagP de?th o:' saturation in the sa1,d at 12 in. In add~ tion to thesta 
drainage tests, the sand wa~ saturated, predc~inantly from thz bott0111 up for 
sever~l test conditions, and then allow~d to drain. :n total, mer~ than sixty 
t£sts were performed • 

. \ cocplete blo:k ·•xperi·.nertal design was used to exa:11::.ne the effects of 
drainage lP.n~th, slope, hydraulic conductivity, deptt, <:"f s:,.turation, rainfall 
intensity and rainfall OJra:ion on the lateral subsur:ace drainage rates. Tte 
block design was selected ~ecause it provided the mo:t data with the least 
time and expense for constrJction and model preparation. Several slopes anc'. 
rainfall events c,,ult. be exacined quickly since very littl~ ti::ie was tequiHd 
for changing these test co~ditions. Ai~o, the time requirements and roses for 
running an additional test with a different slope or rainfall were less th1n 
10 percent of the require'Clents for prep;;ring the model for a different sar.d. 
Additional rainfall events were exa:11inej in lieu of replicates sir.ce the 
la-:eral drainage rate as comp·Jted by the HELP model does not directly cor.sider 
the eff~cts of rainfall icteJsity or duration. Also, since a complete block 
design was used, the effect of a change in a var1a~le is directly examined 
under crultiple test conditions, reducing the need for replicates, 

RESL'1.TS OF DRAINAGE TESTS 

A compari~on of profile shapes for the depth of saturation ~lon1 the 
length of the drainage layer indicates significant differences bet~~en the 
risin~ sat~rated-depth pr,Jfile (during filling) and the fal:ing saturated
depth prot~le (during draining) for the same average depth of sa~ura:ion (y). 
The profilu are steeper n~a!' th~ drain -hen filling than when drr,ining. The 
diffarence is greater f~r high~: in:iltration rates. Steady-state profiles 
are very 5imilar to the profiles Cor drainir.g. 

The draina~e rate for a given average depth of saturation was greater 
during the filling portion of each experiment than during the draining 

·?ortion. Thi-. is consii;tent with the saturated-depth profiles whi:h show 
steeper hydraulic gradi~~t5 r.ear the dr~in for filling conditions. Plots of 
drainaee races as a fu~c~ion of average depth of sa.ura:ion also show that 
draini~e continues aft?• y has essentially reached zero. This is presu~ed to 
be dr41nage of capillary water, com:nonly called delayed yield. An estimate of 
this capillary water ·~olun:e when y had just drained to O in. based on an 
analysis of the experimental data is about 0.1 in. (cubic inches per square 
inch) for the fine sand and O.J in. for rhe coArse sand. 

The drainag? results indicated that the drainable poro,ity of the sands �
decreased with 1ncreasiog depths of saturation above the clay liner. In �
addition, the drainable porosity at all depths was ~cnsiderably Slllallar than �
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the value estim&ted !rom soil moisture dat~ and other soil properties 
collected on the sands, Low draina~le porosity v~lues were obtained !n part 
due to the delayed yield ar.d capillary eifects that result! from the hi~h 
draini:ge race. However, the the presence 3nd venical distribution of 
entrap:>ed air appear to be primarily responsible for the 101. drainable 
porosities and the chan~e in drair.able porosity with height, although no 
measurements of entrapped air were collected, 

All parameters required to compute the drainage rate by the HELP equation 
except the hydraulic conductivity were measured for each drainage test, Due 
to variable air entrapment and differences in placement, compactio~1 and 
preparation of the sand drainage media, the hydraulic conductivity m~asured in 
a pe".111eameter in the soils testing laboratory di!'fered significantly from the 
ac~ual test values calculated from data on drainage rates and depths of 
saturation from the physical models. As described in the docu~entation report 
for the HnP model ( 1), the lat,•ral drainage equation vas dev..-lcped to 
approximate numerical solutions of the Boussinesq equation fer on,!
dimensional, unsteady, unconfined flow through porous ~edia, Tha~e~ore, the 
actual hydraulic conductivity for che dr11inage tests was estimated by 
adjusting its value while solvin1, the Bou~sin~sq e~uation until the results 
matched the measured drainage r~tes and !aturated depths, The hydraulic con
ductivity estimates are summP.tized in Appendix A, Deten1ning the hydraulic 
conductivity in this manr~r provided the best estimate obtainable for each 
test ~ince the Boussinesq solution is the commonly accepted re~resentation of 
the ac~ual drainage pr.ocess, Co111parisons we~e made for both steady-state 
dra~nage during rainfall and unsteady dr~inage following cessation of 
rainfall. 

The coc~uted hydraulic conductivity values differed significant!y from 
the ~easured values. For steady-stace dr&inage frc~ the fini sand, t~e 
average compute~ v~lue was only 8 percent greater than the measureci value, 
~hile for unsteady drainage the average computed value WRS about 150 percent 
greater, For ate~dy-state and unsteady drainage from the coarse sand, the 
avera~e computed value was respectively 92 and 84 percent less than the 
measured value. For both sands, the average co~puted hydraulic cond~ctivity 
for unsteady drainag~ was twice as large as the computed hydraulic cor.
ductivity for steady-s~ate drainage, 

In analyzing the CO,'l,'utec! ~ydrsul 1.c conductivity values, it was apparent 
that hyd,aulic conductivl~y decreased with increasing y, This is consistent 
with the earlier hypothe&h that the volume of entrapped air increased with 
ir.areasing distance above the clay liner. A larger volume of entrapped Air 
~~creases drainab:e porosity ana cross-sectional flov-through area, thereby 
decreasing hydraulic cDnduct1v1ty. 

The computed hydraulic conductivity values varied considerably between 
tests on the same asnd, e~en in the same model without disturbing the 
plJcement of the sand between teats, Considerable variability occurred 
between tests having exactly the same configuration of sand, slope, !.::r,gi:h, 
and depth of saturation, where only ~he rainfall intenstty and duration 
differed. This variance was examined using a,.. ;.nequal three-way an.1lysis of 
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variarce (AN'.:·VA) test to deter.nine wheche:· the C01Dputed hydraul!c c:onductivity 
~as a function of anot~er variable beside~ average saturated depth. 

The test var:.able,; used i:1 the A'SC'!As included type of sand, average 
saturated depth, slope, drainage lengtt, rainfall duration and rainfall 
intensity. No effects of rainfall duratio, and inten~ity could b~ discerned 
;,,y inspection; therefore, the initial ANOVAs we~e rur. using depth. slope and 
length as t~e variables for data sets contJ!nin~ hydrJu:ic cunduc-ivity 
!Sti.i:Jates for one type of sand. These A.'lO':As inHcated that the computed 
lydrau:ic conduct!vity estimates fnr both ~ands v~ried as a function of 
a'1erage saturated depth and slope, Addi~i<lnal A."OVAs indicated that drainage 
l~ngth, rainfall intensity and duration did not significantly contribute to 
tle variance in the com?ut~d hydraulic conductivity values. No physical 
reasons are a?parent for the variability of tle hydrauli~ cond~c:ivity as a 
fu,ction of slope, Therefore, the v;,.r'!.abilit.y duP. to slo?e probably .u1!,ez 
frum inaccuracies in the manner in which th, effects of slope are mo~eled by 
th~ hou~sinesq equation. 

VERIFICATIOS OF THE HELP HODEL 

The drainage rates computed by th~. RE'LP t;odel was coir.pared with the 
res.1lts of tha drainage tests in several 111anners. TI-,e hydr3ulic· conductivity 
tha~ vas needed:~ yield the measurel drainage rate for the sa=t, drainage 
len~th, &lope, and avet;\ge saturate~ depth existin11: in the drait\age t<?St was 
ccm:iutt>d for several tices during ,Jch tr,st. ThiJ hydraulic cot,ductivi:y 
va!Je was col!'pa·. !d \11th the value measur·!d in th, soils testing laboratory and 
the value esticated ~sing th~ Socssi~asq equation, If the HELP equation 
accurately predicted the re~~lt!' of the drainag• :ests, the hydraulic con
ductivity value would agree witn the 1:1erisured rr estimated hydr1ulic con
duct!vltv value for the sand. If the h1drKuli, conductivity value was greater 
than t~e ~alue ~btained for rhe sand, the H!L~ equation unde~pr!dicted the 
lateral draina11:e rat~. Another method o! co~ra,ison ~as to exa~ine the 
effects of chan3!ng a single variable an the lateral draina~e rate measured in 
the drainage tests and pr,dicted by the RE~P equation, The effects of 
drainage length, slope, average depth of a2turation, and the head coLtribut~d 
by the slope of t~.e lin,r vere compared in ~h::.s manner. 

The hydraulic co1".ductivity of t 1.e sand at va:-ious dep~hs o: saturation 
vas estimated for eacn test using th! B:ius11inesq solut1on •>f Da,-cy' s lav for 
unsteady, unconfined flow thrcugh p~rous media and the HELP lattral drainage 
equation, These hydraulic conducti•,ity valu,s wer~ comp~red to decennine the 
agreea:ent l:.e:·Jeen the HELP a:odel and the .Soussinesq solution, For steady
sta:e drain3ge, tne HELP model !!timates of th• hy~r3ulic ccnductivity vere 
44 percer.t greater than the Bou, sine!'~ solution estimates, ,his result me&r.s 
that the HELP ll'Ode: underestioe· ed tt.e steady-state lateral dninsge rate 
pre,H~te:! by e'ne lloussinesq aoll,Lor. by 30 perc:!'lt. The HELP utlr,ates w•re 
31 percent greater than the laborat<Jry measurements for the f :ne ;.,nd and 
88 percent less than the laboratc•r: :21ea11urements for the coarse s md. For 
un9teady drainage, the HELP model estimates vere only 13 percent ~reaar than 
the 8;,ussinesq solution esti.Clatu which would underpr11dict the l«teral 
dr.:iirage rate by ; 1 percent, Tht clogeness of the estiJMtes was n:>t une,pected 
sin<'e the HELP !Hteral ,jrainage :quation was developed from nwerical 
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solutions of the Boussinesq equation for saturated unconfined l~teral flo~ 
th':'ough porC'us media under unsteady drainage cor.d:!.tior.s. The tcnderpreciiction 
of the cumulative lateral cr.~i!'11ge vol,,me would be e:<pec•ed tC' be very small 
since the removal rate C'f wa1:er fr= tht: drain layer by all o.:her means is 
much smaller than the lateral drairage rate. Consequentlv, the ef:ect of dif
ferences in th~ predicted and actual drainage times are s=al!. 

The ,1:!.f:erences between t:1e laboratory measure!'lent of the hydraulic con
ductivity and either of the tw? estimates computed from draina6e data were 
much larger than the differences between the estimates. The HELP model and 
Boussinesq equation predicted very similar drainage rates at 2-,ercent slope 
but the HELP model predicted lower drainabe rates a: 10-percen! slope. Unlike 
the laboratory measurements, the hydraulic conduc~ivity in tne drainage tests 
,aried as a function of the depth of saturation apparent!~ due to entrapment 
of air in the s11nd. This phenom~non makes lt very diffic·~lt to model the 
lateral drainage process and produce g~od agree~ent betwe~n the predicted and 
actual results for drainage rate ar.d depth of sat~ration as a fur.crion of 
ti:ne. 

An enalysis was pe!'for::ied to detemine hov well rhe late!'al drain.;ge 
equation in the HELP model accounts for the effects of draindge length, slope 
of the liner, average depth of saturation and head above the dr1in cC'ntributed 
by the liner in the estir.ation of the drainage rare. The drainage equation 
overesti:ates the d~crease in drainage rate r1sulting f!'om an increase in 
length given the sue sand, slope, depth of 9l"turat1.on and head from the 
liner. Using the droin,ge rate for a drainag• length of 25.4 :t to predict 
the rate for a length of 52.4 ft, the HELP mo~el underpredictej the rate by 
18 perceu~. Th~ HELP equation overestizatec the increase in c.ratnage rate by 
30 percent that resulted from an increase ~n slope from: percent to 10 per
cent. Si~ilarly, the HELP equation overesti~atP.d the inc~ea~e in drainage 
rate by 20 percent that resulted from increasing the heinht (head) of rhe 
crest of the liner from 15.3 to Ju,5 in. above rhe drain. Tre eff~c:s of 
changes in the 1verage seturated depth on the dr~lnage rate ptedicted by the 
nnP equation agreed very vell v1.th rhe actual results. 

Sin.:e the HELP latual draina~·e e.:iuation was developed t,, approximate 
.i1.11t..::ricPl solutions of the one-dimer;sional Boussinesq equatio:, for ~nsteady, 
unconfined, saturated flov through ?Orous merlia, it cannot be expected ro 
perform any better than the Boussinesq equation. Therefore, ic was neceasary 
ro compare rhe Boussines~ solutions to the laboratory measu~ements in order to 
for:n a basi3 for jud 6ing the eignificance of the differences betveen the HnP 
equation predictions arc! the laborator)" meacurements, and bet.ween the HnP 
equation and the Boussinesq solution. 

To su=arize, rhe Boussinesq so!ution after calib!'ation still produced 
results significantly difierent frc~ those me•sured in the ,lrainage tests. 
The results obta!ned 1,;ith ~lie HELP 11',0del were ger.erally as g,,od or better than 
the Bousoinesq solution. ;'he HELP equ•tion performed better on tests con
ducted with 2-pP-rcent slope ~nd the Boussinesq solution perf·,~ed s=ewh~: 
better on tests r.onducted at 10-pe~cent slope. The differen:e~ betveen 
predictions by the tvo methods for a given set of conJitions were sm.all 1n 
comparison to the range of actual results. Similarly, the di:ferences b~tveen 
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the predictions and the actual results vere much larger than the differences 
betveen the HE:P eauation anc the Bou~sinesq equa:ion. 

The follow '.ng conch•sions and rec::cmienc!2.t:!.ons are :riacie. Lateral drair.ap~ 
in landfill lin,,r/drain syste~s !s quite variab:e, probablv due to air entr,~
menc. The hycr.:u:ic ccnduct:.vHy !lleasure'ticr:t cade in the la!:oratory is qu' te 
different than 1·he in-place value. ConseG~ent!y, the es~ication of the l,t
~ral drainage r, te ls prone to considerab 1 e error ces?ite having a good e~ua
tion or sol~t!or methoJ for the esticati~n. ~either the HELP mo~el ncr the 
Boussines~ a,luti~~ agre~d coepletely w~th the drainage results. ~evert~e
lesr, !~~ prediction of the cu~ulative volume of lateral drainage is likely tu 
be cuit~ gocd since the depth of sata~at:!.on will be cverpredicted 1! che 
drainn;, rat~ 's underpr£d1cted and vice versa, thereby adjusting t~e drainage 
rate, 1:ove·.-.,:-, the predicted de;ith of satu:-ation ,.,ill be quite di':erent f,;r:,n 
the :r,p~rurea Jlue. 

:~~rove~Jn:s should be made to improve the predictions of lrainage rat~s 
resul.• .' .,g free •:hange9 in slor,e and drainc1ge length, :he drair,age equ .. tion 
shoult! L-e a:.odif ied to !n-:rease its a;,plic:ab 111 ty to slopes as large 10s 
30 pe·cent and drainage len&r~s as large as 2000 ft. 

£:valuation of the ef~.:~ts of drainage length, s~ope o' the liner, de ,th 
of saturation and head aho~M the drain on the drainage ra~e prelicted by .l,e 
Bou~sinesq solution shou1J be per!onned to de:el"l!line whe~her t~,e effects 
observed with the HELP drainage equation are unique or ~erived from the 
Boussinesq equation, Similarly, an acldfrional data se1. of d:-ainage ruult,; 
should be cvllec:ced t~ deter.nine vhether the effects ;,re un:que to this ~ata 
sec, Aduitional data should oe c:olle~ted for lonFer drain~ge lengths and 
~reeter slopes and from actu·il lar.d:"ill/liner ~ystes.s. 
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SEC'IO~ 2 

:NTR0Dl:C7l0~ 

5ACKGROm.::> 

Landf!lls have c:o!!le to be a wide:y ecployed .near.s for dispcsa: of mun!.c:i
pal, industrial and hazardous solid was:es. Sc~rage of any waste c:.terial in 
a lar.dfill poses several potential prcl:-leir.s. Among these is th.:? P'JSsible cr,n
taminat:cn of ground and surfa~e waters bt tt~ mi~ration of ,.,ater or leac:h~te 
from the landfill to adjacent areas. Given this pot•ntial problem, it is 
essential that the liquids carage!!lent ~echnclogy perform as expected over the 
lih of the landfill. It is also essential tr.at the perfor:nance of the tech
nology c:an be s!.=lated or modeled with suffic.ien: accuracy to duign l~nd
fills to prevent migra:ion of liquids fr= the facility. The mode:in~ of the 
~oisture mov~ment througn landfills also provincs i~portant infor.nation for 
review of landfill designs and evaluation of the adequacy of tht design and 
the 11.mitations o! the liquids management technology. 

This study was conducted to test and verify the liquid .:anagement tech
nology for lateral subsurface drainage in covers a~d leachate collecti~n sys
tems, The spec:if~c objective was to verify the latrral drainage component of 
the Hydrologic: Ev~luatior. of L~ndfil! Per.for.nance (HE~P) ~odel (l,2) and other 
regu:atory and t~chr.ical guidance, provisions and proc:eciures develop~d by the 
l: .S. Environmental Protection Agenc:y (l.?SEPA) (3). 

The t:SEPA rrgulatory provisinns for lateral dr~inage layers rEquire only 
that the depth of leachate buildup at the bottom o~ the landfill should not 
exceed 1 ft an~ the coniotruction materials for i,.,..:•,ate collection shculd be 
resistant to chemical attac:k and the physi~al forc~s ex~rted on them (3), 
t:SEPA technical guidan.:e stares t~.at the Jra :nage ~ayer :-.laould be construct.?d 
to be St least 12 in, thick at a minicu~ ~iope_2f ~ percent ~nd have a 
hydraulic: conductivity of not less than ! x ,o c:m/s~c. Also, the drainage 
pipe system should b• of :-.pproprtotr size a~d spacing -o efficiently remove 
the leachate. Lt 1'I believed that 4-in.-dia:eter pipes s;:,ac:ej 50 tc 200 ft 
apart would be adequate for removing leachate ()). The 1rai~age layer in the 
cover shculJ bave the same speci!ications as abo"e except tt,at pipe drainage 
systems a.~• not necessary, although free drainage muat be provided at the 
perimeter of the cover (3). 

Subsurface draina~e has been a subject of interest for at least 200 years 
as man attempted to drain marshes and reclaim ~and for health and agricultural 
purposes. The literatu,e is filled vith citations describing dravdovn of a 
water table under stead)-state co~ditions with pipes pl,.c:ed in parallel at a 
constant elevation. ln the ::ajority of these studies the impervious barrier 

7 



soil layer was well below the elevation of the drain pipes. Drainage unJer 
these conditions haa been fully described and can be predicted ~ithin 
10-percent accuracy. The phreatic surface is ell~ptical as lon~ as tte drains 
remain unsubmerged and do not restrict drainage. 

Dr11nage from soils where the drainage pipes are plac~d on the s~r!ace of 
the barrier soil layer is less well defined. in general, the dr.1ina1,e for 
this condition is considerably slower, and the accuracy of th~ drairage rate 
estioat~ by Dupuit's law (Darcy's law for 11nconfined flov) is slighdy worse, 
though reasorably good. The drainage rate is smaller because the cross
sectional area through which the water flows toward the drain is 51:laller. The 
drainage rat~ is slightly overesticated because the flow is more curvilinear, 
violatir:g the parallel flow assw:.ption. 

Studies on suhsu~!~ce drainage from soils above a slop,d impe"·ious layer 
are not widely found in the literature. Preliminary findings on drainage 
through pipes placed well abo~e the barrier soil layer have been repo~·ed, but 
nune of these studies examined drainage from the sur!ace of tl,e barrier soil 
layer as performed in la~dfills and in this study. The literature does not 
present equations to predict the drainage ra:e or the phreatic surface. 

The majority of the drainage equations reported in th2 literature were 
developed usinl j s,eady-state assumption of, unifoni recharge rate equal to 
the drainage rete. The drainage equation used in :he HELP model assumed 
steAdy state to develop the basic form of a steady-state equation but was cor
rected to agree vith the results of s ntmerical ~odel for unsteady dra1naee. 
Drainage in the cover of a landfill or from the leachate collection system of 
an open landfill is clearly transient, and the phreatic surface profile may 
di!fer si~tficantly from the elliptical profile obtained under steady-state 
condit!ons. The profiles will vary while the drainage ~.;;·er fills and drains. 
Consequently, as :he profile:. vary, the drair.agP. rates vary for a}.~ sace >1ver
a~e depth of saturation. 

The prediction of dra!nage rates is co~plicated by ~any factors. At low 
heads, unsaturated flow controlled by capillary action, soil moisture 
gradients and gravity can s1~1ficantly contribute to drainage. Matrix 
effects between scil layers can affect the draina~e betve~n the layers. Air 
ca11 ~e entrapped 'ln the ll.~·en altering the head, hydraulic conductivity and 
phreatic ~urface pr~file. The unsaturated hydraulic conductivfty of soil at a 
given moistur~ content varies depending on whether the soil is vetting or 
drying, Field ~4!'as~rements of hydraulic conductivity, poro9ity, snd field 
capacity are diffic~lt to perfnrm precisely and accurately. Soils are 
gen~rally not uniform ~nd homogen4!'ous. 

This study exaoines tranqient or unsteady drainage frm~ the entire drain
ag~ layer above a aloped barrier 1011 layer to verify the equari~~ uaed ir t~e 
HU? model. Thia equation was devel:,ped by extending equations ,,e·,;!lop-~ .i.n 
the liter.tture for simpler casf's. This !ltudy provide,j much-n4!'eded in!'o1"111Jltion 
in thr,e areas vhere the literature ia lack!ng: transient d~ainage, drainage 
frOIII the surface or a barrier soil layer, and rl.~inage from soils above 1loped 
barrier soil layers. This study measured dr,inage rates ~s a function of 
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phreatic surface profile for two sands, three slopes, a range of saturated 
depths, and two drain spacir.gs. 

DESCRIPTION OF HELP ~ODEL 

The HELP codel is a ccci:uter model that ger-erates •,iter !>udgets for a 
landfill by perfor111ing a dally sequential simulation of water movecent into, 
througb and out of the landfi:l. The model e3timates of depths of saturation 
and volumes of runoff, evapotranspiration, lateral drainage, and percolation. 
Lateral drainage is computed in th~ ~odel as a function of the 3V@rage depth 
of saturation above the liner, the slope of the surface of the liner, the 
length to the draina~e collector, and the hydrau:ic conductivity of the 
lateral jraioage layer (1): 

0. 16 1 
2 (0.51 + O.C0205 o L) Ky [y (;f _)__..._a-ALJ 

Q - (l) 
L2 

where 

Q • � average lateral drainage ~ate for the tt=e period, �
inches/day (in./day) �

a• �slope, dimensionless 

~•drainage length, inches 

K • � hydraQlic cond~ctivity, in./day 

y • � a~crage depth of saturation, inches 

As presented in the HELP documentation report (1), thi~ equation ~as 
u~veloped from the Boussinesq e4uation for unsteady, unconfined l&1:1ioar flow 
through porous =edia. The B~ussinesq equation is obtained by combining 
Darcy's 1.1.., ,"1th the Dup•Ji t-Forchhe1mer assumptions (also lc.no·.m as Dupu it's 
law and Dupu~t'a approximation) with :he continuity e~uation. Dupuit's law is 
a steady-state equation for lateral flow: 

q •-Ky (dh/dx) � (2) 

where 

q • � flow rate per unit width 

y • � depth of aaturation above the impervious bed 

h • � height of free surface ~bove the drain 

x • � horizontal distance from the ~rain 
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This law assumes that the flow throughout the dep,h of saturated soil is hor!
zontal, Thus, the equipotential lines are vertical and the screamli~es are 
t-.-nizor.:al. r.1e seccr.c! ass...mption o: this law :!.s :hat the hydrau:!..i.c gral!:!.ent 
is equai :o the slope of the :ree surface and does not vary ~tth dept~. 

The continuity equation for lateral drair.age :rom ,oruus media may be 
~.~teen as :ollows 

f (ay/;t) • -(iq/iX) + R � C) 

f • � dra:!.nable porosity 

t • � ti.me 

R • � rate of vertical infiltration or evaporation �
into or out of the saturated soil �

Cc~bining Equations 2 and J, the Bcussinesq equation is obtained: 

f (ay/at) • a(K y (;h/ax))/ax + R � (4) 

This equa.:ion applies Dupuit's law for unsteady conditions, 

Equations 2, 3, and 4 were developed for systems with ~or!zontal or 
mi:d:y sloping i~per-vious beds, Landfilis typically have liners that are 
sloped from 2 to JD ~ercent, whi~h violates the !orm of iq~~tions 2, 3 and 4. 
If the flow is assumed to be parallel to the constar.tly sloped, 1mper-vi~us 
bed, then the equipotential lines would be perpen.Jicular to the bed. t:r.der 
these ass=ptior.s Equat:!.011s 2, 1 ar.d 4 can b1 t:\Odified as follows 

q •-Ky cos e fdh/dl) � (5) 

f <ay/,t) • -(;q/al) + R cos e � ( 6) 

f(.y/at) • a<K y cos e Cah/ill)/al + R cos e (7) 

where 

e • �slope of the impervious bed 

h • � y + 1 sin e 

1 • � distance fr0111 drain along the bed slope 

Equation 7 is the form of the B011ssinesq @quation used to develop the HELP 
lateral drainage equation and the equaticn ~olved numer1ca:ly in this study, 
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,c aevelop t!'!e HEt!' equation, steady state was assu:ned (3y;,t • o;. :"!'!is 
UtJ>Lies that the phreatic surface profi:~ doe~ not dif:er •ignificar.tly fro~ 
the ~rofile durin~ unst~ady conditions, ?articularlv duri~~ o~r!ods whe~ :he 
?t-.reacic sc,rface i~ ~a:1:~g. Under s::.ea.Jv-st<1te condition~ c:,e iniLc:-acL.~ 
:at~ (1) equ~:• :he o~erall aver~ge one-di~e~sional latera: drai~age rate '.Q:; 
ch~refore, ~quacion 7 beccmes 

Q • K d[y (dh/dl:•: /dl (.31 

This ~quation is nonlinear since bothy and hare functions of l. The bou~J
ary conditions for this e~uation are 

~ • 0 at l • 0 (9a) 

and 

dh/dl • 0 at l • L (9b1 

where L • :ength of bed fro:n drain to crest. 

Equactvn 8 was ~inearized by setting dh/dl equal cot~~ coca: change in 
head ov~r the total length divided ~y the total length: 

dh/dl • (y + L sin !)!L
0 

where y • depth of saturation at l • L. 
0 

Equation 8 beco~es 

Q • K (y + L sin 5)(dy/dl)/L
0 

Si~l:~r!y, dv'dl was set co eq~al the aver~ge de?th o~ sat"r&tion divided bv 
half of the drainage le~gth: 

dy/dl • y/('../2) ( l 2) 

Theref~re, Equation :: beco~es 

2
C • 2 K J (? + L sin 9)!_ (13)

3 

Equ~tion 13 was then ~o~ver.eJ to replace y wlt~ a function of~ since 
:;, is unknown in the HEL? 11:cd.?~. It was also co~tected to agree with nuceri

0
c.11 solutions of Equatior 8 for ~erioas when the phreacic surface is fal:in; 
.1fter the profile had r"ad,'!d steac::1 state. The correction wa-; !llade fo-r sat-.,
rated depths ra~~ing from Oto 30 1n., for slo?~S ranging fro~! to 10 per
cent, and for drainage lengths ranging from 25 to 200 it. The result of this 
correction yielded Equation l after replacing sir. e vith 3, The slope, a, in 
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dil:ler.sionless :om is equivalent co tar. 9, which for s~all slopes is 
a.proximately eGual to sin 9. 

T~e spat!ally averaged depth of saturation is not constant in a landfill 
with respect to time, and ciepenc!ing en the rainfall intensic::, col:ection sys
tet!l design, and per:r.eability of the soil la,·~Ts, can vary greac:y in several 
hours. Since the drainage rate is a function of the average depth cf satura
tion, the drainage rate can also vary greatly in several hours. 

As lateral drainage occ11rs from a drain layer without in:iltrat1.on, the 
average depth of saturation continuously decreases; the drainage rate does 
likewise. Therefore, the HELP model solves Equation 1 as a function of time 
by applying it for a ti~e step, yielding the average drainage rate for the 
time step. The ti~e ste~s were 6 hr for lateral drainage from above the cop 
barrier soil layer of the landfill and 24 hr for the lover cvo barrier soil 
layers. 

The model reports the drainage rate from above each barrier ~~il laver 
d~ily, To obtain the daily value for the tcp barrier soil layer, the ~odel 
averages the computed values from the four time seeps. 7he units for drainage 
are inches/day (volume/day/surface area), 

The average drainage rate is a function of the average depth of satura
tion, which is a !unction of the average drlinage rate, Therefore, th~ ~odel 
solves :or drai~sg~ iteratively by ilssu:ning the drainage race, solving for the 
average depth of saturation and then solving for the average drainage race, 
If the cal~ulat~J drainage rate differs significantly.from the assu~ed value, 
a new estimate cf th~ drainage rate !s produced and the process is repeated 
until the esti~a:e~ and computed values agree within 0,2 percent. 

11:e average depth of saturation is c~mputed bv rivid!r.g the drair.able 
water in che lowen:iosc unsaturated segrier.t in a subprofi:e by the drain~ble 
porosity of that s~&ment, and then adding this value co the sumo: the thick
nesses of a!l saturated segment~ ~etveen that seg,r.ent and the tarrier soil 
layer, In actuality, tile average depth of cacurac'lon in a landfill, ph:sical 
model or a two- or three-di1r.ensional mode! would ,,., detenined by int·-<1;nting 
the depth of saturation over the area or al~ng a path to the drain and divid
ing by the area or the len~ch of the path. Thi5 is the method that was used 
in ana:yzir.g data free the physical r.odels in ar. attempt to verify the drain
age ec;uation. 

While the model neglects the late::-al ~ariation in slturaced depth, the 
drainage equation used in the HEL? model ,:~s corrected to approximate the 
numerical solution of the one-di~ensicnal Rous~inesq equar.ion as draining 
occurred, The numerically generated profiles were used to comp•ite the average 
depths of saturation which were subsequently used ~o ~evelop Equation l, 
Therefore, use of Equation 1 by the HELP model implies chat the profiles are 
the same as those generated by the numerical stlutions of the Soussinesq 
equation, 
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Tl':e ob: ective of this study was to ver!fy the late:-al drainage co1:1p.:,n~nt 
of the HE:P 1:1odel and othe:- rSE?A re 6ulatory and technical guidance for 
leacha!e col"ection systems by de~ernining !he lateral drainage rate as a 
function of the ~ydraulic conduc~1v1ty, slope, length and de?th of saturation 
of the lateral drainage layer in large-scale physical modEls. :hr ceasured 
average depths of saturation, dra1n~ge rates anrl drainage times in the 
physical models were compared vith the results predicted by the HE"~P equations 
for vertical and la:eral drainage. 

Tvo large-scale phy~ical models of 1.andfill liner/drain systems were con
structed and filled with a 3-ft sand drain layer overlying a !-ft clay liner. 
A 2-in. layer of gravel was ~laced under the liner to collect see?age from the 
clay. The models were instrumented to measure the water table profile, sub
surface lateral ~raina~e rate, water application, :-unoff and percolation 
through th£ liner. ':'he models have adjustable slope and tvo drainage lengths, 
25.5 ft and 52.5 ft. 

Drainage tests were conducted on both models at three s"opes-2, 5 and 
10 percent. Drainage from tvo differPnt sands was studied in each model at 
e.:ich s.lope. Several. drainage tests vere run on each config\lration of the 
models b~· applying vater as rainfall to the surface of the sand l<1yer and then 
oeasuring the t.rater table along the length of the model, ar.d the drainage rate 
as a f~nction of time. The water was applied at severa~ intensities and for 
several durations, 
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SECTION 3 

MODEL DESIGN, PREPARATION, AND ISSTR:.1-!Es:-.~:~ON 

~ODE~ DESIGN A..\"D CONSTRUCTION 

7wo physica: models were designed and constructed to perion: :~e labora
tory verification tests. The models, sho= in Figures 1 and 2, were con
structed at two dif:erent lengths to pennit the examinati)n of the effects of 
length on drainage, One model was built to have a usable ~epth of 5.0 ft, an 
inside width of 5.3 ft, and a drainage !ength of 25.4 !t. The oc~er ~odel had 
the same depth and width but had a drainage length of ~2.4 ft, 

Both models were constructed of identical materials, The base of the · 
mo~els was conscr~cted of steel soil test cars used fnr mobil~ty studl~s. 
T~ese cars are reinforced l/4-in. steel tanks that are 27 ft :cng, 5.3 ft wide 
and 2.5 f~ deep. n-.e sides of the cars were extended upward 4 ft with oarine 
grade, 1/2-in. plyvood SU?ported by 2-in, angle iron, £i:icone sealant was 
used to fill the joints and cracks anc to seal and pr~vent leaks. 

The models were placed at h 2-percent slope and fitted with su~ports for 
attachin; 5-ft screw jacks at the up?er end. A jacking structure was built to 
attach to &ither :odel which could raise the end of a ful:y loaded ~ndel. The 
jack could increase the slope of the long ~cdel to 11 percent and the short 
model to 20 percent. The slopes of the models dur!ng test!ng were dete:-:nined 
by surveying, 

Three troughs, approxioately 12 in. deep and extending across the width 
of the 1:>odels, were placed inside the lower end of each i:,odel as she= lr: 
Flgure 3. The bottom trough was used to collect seepage through the ~lay 
liner, The middle trough collected subsurface lateral drainage at the botto-~ 
of the s~nd drainage layer, Th~ top tr~~gh collected runoff from the surface 
of the sand, The bottom cwo troughs were cor.structed of l/4-in. steel plates 
welded to the steel soil test car. The top trough was fabricated of 
galvanized sheet metal ~nd bolt'.~ in place to the plyvuod walls. The sheet 
metal was s,a:ed to the walls with silicone sealant. 

The runoff trough was drain~d to a 5-ft-deep, 32-in,-dia~eter (d!a) sump 
tank via l.5-dia polyvinyl chloride (PVC) pipe, The water level in the tank 
was measured with a steel measuring tape before and after a siculated rain 
event to determine the runoff volU111e, The drainage trough was also drained to 
a 5-ft-deep, 32-in.-dia sump tlnk via l.5-in.~ia PVC pipe. :'he drainage sum? 
tanks were automatically pumpud out when filled to a height of about 44 in,, 
requiring only about S minutes (min) to lower the water depth to about 10 in. 
The minimum time required to fill the tank was about 4 hr. The seepage trough 
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was periodi~ally nrained into a 4-liter (i) graduated cylinder to measure the 
seepage volume. The seepage was drained from the trough via an attached 
2-~n.-dia n:bbeT hose that was sealed hetw~•r. measure~ents. 

~oth ~odels were fitted with a device t~ sp~ay water uniforcly across t~e 
length of the :urface o~ tne sand drain layer. This device cons:sted of a 
1.5-in.-dia ?VC pipe ~ounted on a 12-ft-long a~um:~w:i cart that tracked back 
and forth on rails that ran the length 0• the ~odel. A nozzle that sprayed a 
unifor:n lioe of wa!er ~cross the width o~ the model was attached on each end 
cf the pipe. Each nozzle sprayed on one-half of the model as the cart moved 
its maxi~um distance in one direction, The height o~ the nozzles and the 
travel limits of ~he car~ were adjustable to ensure that the entire surface of 
the sa1:d wa3 sprayed. The water ap,lication rate or rainfall intensity was 
adjusted by changing the size cf th! nozzles or changing the water pressure 
ap?:ied on the nozzles. The inten:.ities of flow rates could be varied between 
0,02 and 6 in./hr or 0.06 and 10 ga:Jons/minute (gpm). The i~ter.sity during a 
test was determined ~y mea~uring the volume of water applied as a function of 
ti~e. A stopwatch was used to measure the tim~ a~c a Badger ~eter, Inc., 
Model Recordall 12 water meter measured the water volu~e. The nozzles usec in 
th- tests were Floodjet 1/8 K.25 316SS through 1/4 Kl8 316SS that were manu
factured by Sµraying Systems Co. 

Schematics of th~ models are shown in Figures 1, 2 and 3. Figure l shows 
a plan vtew of the experimental setup, inclJding the layout of the two models, 
water and drain :ioes, 1nstn1mer.tation, and sump tan<s. Figure 2 sr.ows 
a cutaway side view of one model including the troughs, drain lines, SU1Jll)S, · 

jacking structure and rain cart. F~gure 3 shows an cutaway end view of the 
model illustrating the placement of the trough and the shape of the mocel, 

TEST PREPARATION 

After cor.struction was completed, the models wrre filled with three func
tior.al layers and a layer of fill d~rt as sho= in Figure 2. !he top layer 
was a 3-ft sand layer :or lateral drainage. The second layer was a 1-ft com
pacted clay lioer designed cc minimize percolation. Th~ third layer was a 
2-in, layer of pea gravel to tra~smit the seepage fro~ the clay liner to a 
drain, The bottom layer was a lC-in. layer of fill dirt to build up the pea 
gravel layer to promote drai~~ge. 

Fill ,r,ateri&l 10 in. deep was compacted in th~ bottom of the steel test 
car to fill the trapezoidal ~ection of the model ar.d to reduce the volume cf 
pea gravel required. The fill mat~rial was covered with a 30-mil, butyl 
rubber membrane, T-16 manufactured by F~restone. The me~~rane was glued to 
the walls of th~ steel car to prevent percolation into the fill mater1Gl. The 
glue was G-580, a synthetic rubber resin dispersed in solvent and manufactured 
by Pittsburgh Paint & Glass. 

A 2-in. layer of washed creek pea gravel was placed on the impermea~le 
~embr~ne and in the seepage collection trough, This layer was designed t~ 
have a high per:neability and low storage potential in order to transmit the 
51:lal~ volume of seepage rapidly to the collection trougr. The layer was 
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covered vith Sidi~ Ty?e C34 filter fabric ~anufactured by Monsanto to prevent 
~igration of fines from the clay liner into the pea gravel, thereby prote~t~n~ 
the ab~lity of the pea gravel to t:-ansmit seepage, ,h~ f~lter fabric vas 
glued to :he valls of the steel car to ensure that the fa~ric and pea gravel 
did n·t move during place~ent of the clay liner. Beth the gr~vel and faLric 
vere vetted during pl~cement of the liner. wetting reduced the seepage 
required to suff~ciently deple:e the storage voluoe of the pea gravel and 
n:bbP.r me::i'~ra:ie for transoissic:-, of t!,P see;;ag 0 to begin. 

A 12-in. clay li~~r was placed above the see?age transmission layer. 
Buckshot clay, a local, well-defined clay, vas used. The cl~y vas spread on a 
concrete strip and cut into small clod.• ul':ing a scarifier. The clay vas th.en 
vetted to a moisture content of about 27 percent and placed in the model in 
2-in. lif:s. Earh lift vas co:pacted ~1th a gaso~ine-povered, hand-operatPi 
compactor manufactured by Wacker. The compactor had a compacting area of 
about 0,5 si;uare foot (sq ft). Additional \•ate:- 'Jas added during compaction 
to ensure good blending and to prevent dry1ng. At least four passes vere made 
on each li!"t wi;h the co:::pac::or, af:er which no additional compaction could be 
discerned by additional passes. 

After placement of the clay lin~r was completed, a sample of the top 
3 io. was taken. Its water content was 27.1 percent, ics dry density vas 
9~.9 pounds per cubic foot_~lbs/cu ft or ref), and its coefficient of 
per:neability wa~ 1.67 x 10 cm/sec:. A second sa~ple, taken at a depth or 
6 in. vhilP. fillln~, had a moisture content of ?R.3 perce~t and a dry density 
of 91.0 pcf. Nuclear density probe measurecents indicated a moisture content 
oi 34.5 percent and a dry density 89 pcf. The nuclear ~ensitv measure~ents 
were made with a Troxler Electronic Laboratories, Inc. :1odel 34111' nucle'lr 
dersity gage usintt the prc.c:edures ;utl!.ned in its instru.:tion manual. The 
cc!stur~ content read by th~ nuclear density ~eter is mu~h higher because it 
includes water of crystallizat!.on and hydr~cion vhi:h c:~1ld not be ceasured by 
the stand.. rd moisture ,~ontent test. Buckshot clay is kno1o"Tl to have a high 
content of bound water. In all of the samples, the dry densities were ve:y 
high for the moisture content (as ~hovn in Figure 4), which indicates very 
good co~paction. The soil testing wa9 performed in accordance with ASTM
accepte~ procedures as outlined in Laboratory Soils Testing, Engineer 
~~nual 1110-2-1906 (4). 

-1i11e pla~ing Che ~lay liner, a fla9 of the ,-16 ruboer cembrane was glued 
to th~ valls of the steel car at 8 in. above the base of the clay and 4 in. 
be' :,w the event.1al top of the clay J.iner. This flap extended 4 in. into the 
cl ,y. T":ie purpose of the flap v.is to pre•:ent seepagP. from occurring betveen 
t 1 e car and the clay by diverting th~ vater into the clay in the event that 
t!..,. c:ay sh:-unk or cracked at the walls. 

A 3-ft layer of 9and vas placed above the ~lay liner. The sand was 
placed in 4-in. lifts and each lift was vibratei until no additional compac
tion cou!d be discerned. In general, fo~r pa~ses were made v!.th a hand
operated, gasol!ne-powered san1 compdctor manufactured by Wacker. The size of 
the vi~rat!ng pla:e on the compactor was ~bout 2 sq ft. 
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Two differer.t sands were 1;sed in the tests, One sand was Reid-Bedford 
sand wit·~ Windham clay nonunifor.i::ly dispet'sed throughout. The c:ay .:">ntent 
was &bout 10 percent ir the short model and about 13 percent in c~e long 
:i;odel.. :'hP ~::-:,· density, as placed, was :06 ;:cf. 7h!s is a relative density 
of~& ?~rcent, ~n~icati:-:~ v~ry gocd cc~paction. The S?ecific gravity was 2.7, 
and the ~jefficient cf per:::eabilicy measured in the s~ils lahoracory was about 
3.5 x 10 C:!'1/sec. The ?Orosity 'Jas C,37, the ::iax:L~u:D draind~:e porosity was 
bet'l.•een 0.21 to C.25, ar.d the wilting :>oint was about 0.,) 1 • The grain-size 
distribut:<"ln of che s1:1d wich the clay is sho1o111 in Figure 5. 

The ether sand was a :oca:, ungraded washed creek sand. The dry density, 
as placed, was 107 ?Cf in the long model and 110 pcf 1:. the short model, indi
~.-ti.,g both ..-ere hj·hlr ccmpac~ed, The speci:ic gravity of the sand was 2. 7, 
and the ~?efficient cf pe:-1!:eabil~ty measured in the soi:s laboratory was 
2,2 x 10 cm/sec. The porosic: w,s 0.35 in the short model and 0.36 in the 
long ~od~l. Th~ maximum draina~le porosity was between 0.24 to C.28 an~ Lhe 
,~ilting poi.it was about 0,04 tJ 0,05. The grain-size distribut~on is shewn in 
r igure 5. 

Descriotion and Installati:n 

The lateral drain3g• rate from the sand layer ..,es detennined by two 
devices, one for low flow rates and the other for high flow rat~s. Low flrw 
rater (below 0.08 gpm o~ C.05 in./hr fur the short ~odal and 0.02 ln./hr for 
the long :ncdel) were d•:te.:mir:ed by :ne.Jsuring the drainage voL:me as a fur;cio,! 
of time using a 1-eathe.r:ronics Model 60:0 tipping bucir.et rai:l gage. The tip
;,ing bucket collected thr, water from the end o! the ?VC pi;i~ draining t 1.e 
drainage trough and discnarged the water into t~e drainage su~p tank. A 
bypass ..,as ;,laced ir, th,, p·;,: ;:,·.::,e t:, dive-:-t :r.e d-:-a!nar,e directly :'.rite the 
su,:rp tank during periods of very high flow races. Hi1~er !:ow rate~ (greater 
than 0.08 gpm) were cetermineJ bv roeasuri:ig the water le\·el in the d.cairage 
sump tank as a fu~ctio~ of time using a 1-ea:her Measure Corporatlc~ 
Model f'~53-A wac,.r level recor1er powered at 12 volts by a :C:LCO ~o·,el l060S 
low ripple battery el~minator and charger. 

Pc1e-;:,res~ure t~ansducer5 were placed ln the clay liner wirn the trans
ducer ex;,0sed ~;ward toward the sand layer. The face of the trar.sducer was 
sec ~l!ghcly b~low :he su1rcunding top s~rf~ce of the clay, T~ ins:all a 
transducer, a hole abo,1t 5 to 6 in, deer, Jnd 6 in, in Jiamete: was dug in the 
clay. The transdu,;er and w:..::e lead were ;•aced in the hole m,: the removed 
clay was camr•ed back in pl.ice. ,he tr.,n!,fucer was about 2.', ir1. long and 
l in. !n dia·Aeter. The wire lead fr= the transducer ·Jas •.la:ed just be;.ow 
che surfact of t~e cla; to prevent interference with the 'at~ral drainage &rom 
the sand !a)er. The trand~cer installation ~s shown ln Figure b, 

Six transd~cers were placed in the long model and iive w~re placed in the 
short -:J:odel. Consolid,?tion Electrodyna~lcs Corporatio·.1 Ty-re 4-312 pressure 
pickups 1,ei·e fitted in a brass body with a porous sto·,e sc the pressur, trans
ducer coul.J o:1ly measure pore pressure, which in thir, case was the head of 
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Figure 6. Sketch of pi , tr~nsdu~~r~z.,~~tac and installacion. 
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water on the transducer. The locations of the transducers w~re app~oxicately 
J, 6, 11, 16 and 2J ft :rom the lip of the drainage trough in the short ~odel 
and 3, 6, 11, 2J, JS ~~d SO ft. fr?m the trough in the long mod£l, ~s sholo7Tl !n 
F!gure 2. The trans~4cers w~re placed en the Ctnterline dividing the ~idt~ of 
the cocels. Tc.e elevatior.~ and locaticns of the transcucers were ~e:e=ined 
by surveying. 

Piezome:ers ~ere 1r.5tal:ed in the sand layer to ?tovide a backup method 
for ceasurin,! the, de;,th of satur:ition a::ove the clay liner. Th"s" ceasure
cents were .:so used t~ calibrate the press~re transducer~ and to check the 
accuracy of the transJucers t!.roughoot the testing. Pi~zoa:ete:rs were con
struc:ed by attach!~g l.S in.-d11, 4-in, long-cylindrical porous stones to 
1/2-1!",-dia PV:: p:?o?S of approxit:ately 4-ft lengths. The ;,iezometers 11ere 
installed 11ith th~ ~tone e~d ?lactd f!ush w:th the tc;, of the clav l!ner and 
with the pipe extending straigh: up through the sand layer. 7he depth of sat
uration was detenn~ned by !l'easuring the depth to the water surfac~ from the 
end of the pipe and then subtractin& that v~~~e from th~ tct~l le ~th of the 
pieznmeter. ~iezO'Cleters -~re placed at the locations of the secor,d and last 
tr~nsducers from the lip of the -irair.age tr~~gh in the short model, and at the 
second, fou~th and last tra~sducers in th~ lor.g model. A sketch of the 
ri;::ou:ete~· installation 1:: shovn in figure 6. 

<:alibration 

I~strumentation was use~ to measure the water applied as ra!n on the 
~odels, to measure the runoff, lateral drainage and see?age from the model, 
and to n~asure the depth of sat~ration ab~ve the clay liner, Each of these 
1nstrumr1taticn systems was calibrated .:r used calibrated devices of lmcvn 
accuracy. 

The water applied as rain was metered en a Badger ~eter which was cali
br1~ed at 1·he factory. The meter was accurate vi thin l perce-r.t at all f:cw 
rates. The accuracy was checked by fil!ing a S-gallon (gal) bucket with water 
ard :hen carefu~ly measuring the ~o:u~e of water us!n~ a graduated cyl~nder. 
ihe meas~red volume was withi::i 1 per:ent of the volume ?tt-asured by the meter, 

Runoff ~ds measured by meas~~ing the change in the water leval in the 
n.noff sump ta.,k. The vol=e cf the tank was mea:;ured as a function of the 
wat.::- level. \"a!er 11as adde~ to the tank in increments to raise the water 
level about S ii, The quantity of water added was measured using the 
c3librate~ ~etet for the rainfall, and the water level vas measured using a 
steel meas~ring ·ape. The pro~edure wa~ repeated untiJ the tank was full. 

Lateral drainage was measured in tvo ways, For high flow rates the water 
level in the nrainage sump ta:1k ~lls measured as a :unction of time using a 
\.'eather Mea&u1·e C.:i,-poration ?-: :del FSS~-A w11ter level recorder, Th~ volume of 
water in the drainage tank ar.d the resronse of rhe recorder were measur~d as a 
fuflction of the wat,,r levrl using thot aame procedure used t<' calibrate the 
runoff SUlllp tank. l'or low flow rates the volume of c:'r~i:,age was measured a11 a 
f~nction of time usi.,g a Weathertronic~ Model 601G tlpping bucket rain gag~. 
The volume per tip was calibrat~d at th~ factory and checked by slovly pourins 
a measured vol~me of vater from a graduated cylinder through t~e tipping 
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bucket, The number of tips was counted and com?dred wi:h the number r~corded 
on the water level record~r. The drainage Tates computed fro~ the tippin~ 
bucket data and the water level recorder data were compared at the mid.ang~ ~f 
the flow rates and agreed well wi~h each other. 

Seepage was collected in th~ ~ode: for a week or longer anJ :her. drai~ed 
into a 5-gal bucket or a graduated cylinder, 7he volume c: sePpage was mea
sured with a graduated cylinder, 

The depth of sat·..1ratlon above the clay lii,er was m!!asured ir. two ways-
manually using pi2zometers and automatica:ly 1.,::;inl!! pore ;nessure transducerq, 
The piezometers were calibrated by ~easuring the ler.g.h cf each piezomet!r an~ 
surveying the location and elevation of each pi£7.on~ter with resFect to the 
lips of the runoif and ~rainage Lroughs ano the clay liner. Tt.e end of each 
piezometer waJ plac~d f~ush w!tl, the ~urface of the c:ay liner, 

Prior to 1nstallatior, the transducers were cali,rated in the instr=er.
tation laboratory to deter.nine the linear response :actors for a unit increa~e 
in head and the readings f~r zero head, The responses from the transduce~s 
were recorded using a Digitrend Medel 210 digital recorder vi~h a ~ewlett 
Packard ~odel lll)A 5-volt tC power nuoriy, a Doric ~odel 214 di~ital clock 
and a Doric ~oriel DS-100 integrating ~icrovolt~eter. A C~nsolidated Electro
dynamics Coryorati?n Ty,e 8-108 DC bridge balance was usEd tv convert the 
millivoit signals from th• transducers to pressure read~ngs ln pound~ per 
square inch for the expericents wit~ tn~ Reid-Badford sand, This same equip
ment vas used both in the instrumen~at!on !abotator; and in the ~odel tests, 

After inst2llation, the loc3tions and elevations of the transducars were 
survey~d vith re~~ect both to the li~s of the runoff ard rl~ainage trou~h~ ~nd 
the clav liner, After the sand was place~ ab0ve the transducers, the trans
duce~s were calihrated ~gain in place to establish the readings which corre
sponJed t~ ~ere head of water on the clay liner since the transduce,s were not 
;::la.:~d flus~ vith the .~urf11ce of the :iner. The t:-ansducers were also checked 
to deten:.ine if the linear respon,e factors for a unit increase in head were 
the same r~ in the instrucentation laboratory. The zeros and respcnse factors 
vere determi::~d in place ·~y l<aturatinP, the sand layer and flooding the surface 
to establish free water surf~ces of known elevations ;.bove the sand, ~sing 
the ~urveying data and the linear resp~nse factors, the zeros were calculated, 
The linear response factorJ were checked by cooputing the changes in the 
readings fo~ severa! known changes in water lev~l and comparing them with the 
far:tors determined in the instTU:llentation laboratory, ':"he res!'onse factors 
aa.eed well with the !nst:umentation laboratcry da"a but the zeros varied 
considerably, 

The ptezo~eters were read periodically throughout the te~ting to provide 
a backup for thL transducers. The readings of the ?iezomecers were co~parec 
vith those of the transducers to better define the zeros for the transducer~. 
After testing was completed, corrections to the zeros w~re determin~d from the 
comparisons. The corrections ranged frC'l!I about -2 to 2 ir.. (!5 pe~cer.t of 
1114Ximum), thou~h half of the transduc@1·readir.gs required little or no :orrBc
tion, Thi! zero of one transducer drifted 1,·!th ti111e in a consunt u:iinner, anJ 
the correction was :nade 1s a function or time, After correcring the readings 

25 

mailto:transduc@1�readir.gs


of the transducers which had piezome:ers associated with them, the readings of 
the other transd~cers w~re corr~cted. :hese readin,s we~e correctea ,y 
plotting ,he readings to fo= a profile of the saturation at about !1,e dif
ferent average heads for each test. A s~ooth curve was drawn through the pre
viously corre~ted readings and zero at the trough. The offset of the other 
reading5 for each ?lJt was noted to dP.ter:n~ne wheth2r the offset was constant 
at a~l average heads and for each test. A constant o:fset at all heads dnd 
for each :est indicated that the zero was off and required correct~on equal to 
the o~fset. If the offsets changed continuously, particularly in one direc
tion, it would indicate that the readings drifted. Readings of ~nly cne 
tran,ducer drifted and the transducer was located at a piezometer. lf the 
offsets incr~ased or decreased uni!o'['lJlly with incre~sing average ~ead, it 
would indicate that the linear res~onse factor was incorrect. None of the 
linear response factors required correction. Non~yste~atic changes in the 
offsets indicatea t~e variance !n the transducer readings. The standard devi
ations of the readings were about t.0.25 in. 



A co~plete blcck experime~tal des:g~ ~as used tc exa~ine :he e!(ects of 
drainage leng:h, slope, hydrac:ic conducc:vity, dept~ of sacura:ion, r~infall 
inte~s:ty and rainfall dura:ion o~ :he :ateral su~~crface c:rai~age rates. 7he 
:lee~ ces~g~ was selected ~ecause i: provide~ :he cos: da:a with the leas: :ice 
and expense for conscr~ct!cn and ~c~e: prepara:icn, on:y t~o oode:s cculd :e 
~uil: cue to their costs, anc: only t~c sands ccu:d be exacinec due re the 
unavailabili:y of anot!:ier cf s:gn::.f:cantly different pen:eabil::.ty. Several 
slopes and rai~fall events could be exa~ined quickly since very 1ittl.~ tice 
was required :or changing these test conditions, A:so, the time requireme~ts 
and costs £or running an adjjtiona: tes: with a different slope or rainfall 
~ere less t~an !O percer,t of t~e require~ents for preparing c~e ~cdel for a 
d!fferent sand, Additional rainfall events were examined in lieu of 
replicates since t~e lateral drai~age rate ~s co~?uted :y ~quat:on I coes not 
direc:ly consider the ef:ec:s ,:! rainfcll inte·:s:c:: c:- duraticr.. Also, si:-.ce 
a co~ple:e block design was csed, :he effect oi a c~ange in a variable is 
direcc:y examined un~er ::iul:~;le test ccnditions, reduc~ng the need !or 
rep~icates, 

A su=ary of the r,cdel tests is ;,rese~,:ed in Tables I, 2 and ], Two 
drainage lengt!:is were cor.?ared-25,4 ft and 52.~ ft. 7hree slcpes were 
exami~ed--a;,proximately 2, 5 !~d 10 percent, Sands of two hydr!ylic con
duc~ivities 1o1ere LSed-4 x 10 cc/sec '.fine sand) and :,2 x 10 C":/sec 
(coarse sand), Four rainf~ll events ~ere exa~ined-a 1-hr rai~[all at 
0,50 in./hr, a 2-hr rainf1ll at 1.50 in.!hr, a 6-hr rainf?:l at 0,50 in./hr 
and a 24-hr rainfa:l at 0,125 in,/hr. Alao, water wa~ app:ied to the sand for 
a lcng period of time (genera:ly more Chan 36 hr) ~ta rainfal: intensity 
that would maintain the average dept~ of sat~r~cion in the sand at !2 in. ,n 
addition to these drainage tests, the Rand ~as ~ci:~r~•ed, predcmina"tly from 
the ~ottc~ up for severai :est condttir:,s, and then allow~j to drain. 

The order of :he :es::r.g was arranged to accoc-:.o<late 1:anpo,:er and ec;ui;,
ment restrictions. A:l test~ were performed on a given sand befo:e replacing 
tne sand since it would t,a,..e been very costly and :ir::e-consuming to continually 
change the sand. Also, the place~er.t of the sand would not have bee,' identical 
each ti~e, which would have been a source of error in the co:nparisor.s of the 
ocher ?ariables such as drainage length and slope. 

A:l rair. even:s were perfon:ed f~r a given test condition befcre cha~ging 
the s:ope o: the model, This was done to :nini::iize r::anpower requirements a:•d 
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TA3LE 1. EXPER:MENTAL COh1JITIONS FOR UNST~Y DRAI~AGE TES7S ~ITH RAI~:ALL 

liodel Peinfall Ra::ni:a.!.l Rai:'!fa:l 
'!est Type of Length Slcpe Inhnsity Duration Volume 

Sand ( f C) (::) (in./~r) (hr) (8a:)~ 

lA Fine• 25.45 l. 8 0.58 l.0 48.5 
1., " " " l.69 2.0 284,2 
lC " " " 0.5E 6,0 284,4 
ID " " " 0, 14 24, 1 2>17. a 
lE " " " l. 69 2.0 282.2 

2A " " 4,9 0.58 6.0 291, 6 

3A " " 10,4 0,56 1.0 48,6 
3B � " " 1. 74 2.0 291. 7 " 
3C � " " " 0,57 6,0 291,1 
~') � " " " 0 .14 24.0 291. 0 

4A " 52.45 2. ! 0.57 1.0 98,5 
4B " " " 1. 70 2.0 588.0 
4~ " " " 0.54 6.3 593.0 
!,D � " " " 0 .14 23.5 587.0 

,.
~A � " s.o 0,57 6.0 591.0 

6J.. " " 10.3 0.57 1.0 98.6 
6B " " " l. 70 2.0 589.2 
6C " " " 0.54 6,2 581. 0 
6D " " " 0, 14 24.6 592.2 

7A Coarse** 25.45 I. 9 0.58 1.0 48.6 
7B " " " l. 73 2,0 291.6 
7C " " " C,56 6,0 291.6..7D " � " 0 .14 27.9 338.7..7E � " " 0 .14 24.2 290.9 

,.
8A � " 5.4 1. 73 2.0 29 l.4 
BB � " " " 0.59 5.9 291.1 

9A � " " 10.0 0.58 1.0 48.6 
9:s " " " 1. 73 2.0 291. 0 
9C " " " 0.58 6.0 291. 6 ..SD " " � 0. 12 29.6 290.9 
9;;: � " 0.14 2l.,0 291.0" � " 

(Contin·~e".!) 
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TABLE l. (CO~CLUDED) 

Model Rair:f all Rainfa:: 'lair.fa!: 
Test ,ype of Length s:.. ,oe :nte~sity Duratio:i ., ..:,} ·.1c:.e 

S~tu2 Sand (ft\ (%) (in,/hr) (hr) ~~ 

:OA Coarse** 52.45 2.3 0.5i 1.0 ~t'. '· 
1ca " 629,4 " 1. 70 2.0 529.2 
:oc " 

., " 0,56 6. l 591. C 
l0D " " 

., 0 .11. 24.0 591, 0 

llA " " 5.2 1. 62 2. l 589,1.., .,
llB " � 0.57 6.0 590.4 

12A " " 9. :l 0,57 1.0 98.6 .,
12!1 " " l. 71 2.0 589.2 
12C " " " 0.57 6,2 58, .0 
:20 " " " 0, lL. 24. 0 590.4
',,,. " It It 1. 70 2,0 58~.4·~
.. Hydraulic conductivity• 3 X 10-3 _1111/sec 

*"' Hydraulic cunduc tivity • 2.2 X 10 cm/sec 

TABLE 2. EX?EF..:x:::;TAL CO\~IT:0ss FOR STEADY-5,A:'C: DRAI'.:;.GE TES7S 

Avg, 
Model De;>th of Rainfall Drail'.age 

"i'est Ty;,e of Length Slope Saturation Rate Rate 
SetuE Sand (ft) {:) (in,) (i:i./hr) (:n./J-.r) 

5 

3 

Fin11"' 25.45 1. e 12.6 0.0.:.1.0 0.0336 

2 " It 10.4 13.2 0,0714 0,0543 
It 52.45 10.3 12.7 0,U58'J 0,0249 

4 Coarse** 25.45 1. 9 11.4 0,092R 0,0708 
It " lJ.O 11.3 0,2070 0. 1688 

6 " 52.45 2.3 11.3 0,0464 0.033(, 

7 It " 9,9 11.8 0.1:12 0 .1050 

-3
* � Hydraulic c-onduct'··1.ty • 3 x 10 _y:11/sec �

Hydraulic conductivity• 2.2 x 10 cm/sec�** 
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TA3LE 3. EXPER:MEITTAL CONulTIONS FOR DRAINAGE TESTS USING �
PRESATl1lA:ED SA.\1) �

!'iodel � Initial Avg. Depth 
,est Typ.? of Length Slope of Saturation 
Se:u':l S.and C.::n,) ('.';) ( i r.. : 

Flne• 305,!. 1.8 20.95 

2 " " " 16.79 

3 " 629.1. 2, I 27,35 

4 " " " 24.74 

5 � " " " 9. 2.:. 

6 Coarse•• 305,4 l. 9 � 29.79 

7 � " " 10.0 !9. i'• 

8 � " " " 2.t.4 

9 � " 629.4 2.3 27.75 

II ..10 � " 21 • : 8 

..�11 " � " 14.62 

• Bydraul:!.c conductivity• 3 X ,Q-3
-Tm/sec

•• Hydraulic concuctivity • 2.2 x 10 cm/sec 

becnusc 1t wculJ have been difficult to achieve exactly the same slope again. 
':'he order in which the sloFes were te3ted was not cor.stant to accotr.modate 
manvower and equipment scheduling. The scheduling introcuced soce randomness 
into the order of testing the effects cf slope. Sicilarly, the order of the 
rainfall events for diff~rent test conditions was varied to acco=odate the 
work sc~~dules for personnel. This scheduling introduced scme randomness into 
the order of testing the effects of differences in rain events. 

TEST PROCFDL"RE AND DATA COLLECTIO~ 

Lach test was cun in one ot three manners, Lateral draina~e was measured 
from a presaturated sand; from a sand ~efor·?, during, and after a simulated 
rainfall event; or from a sand whilP- attemp:ing to maintain a cor:st11nt aver.age 
depth of saturation of 12 in, Th,; test prccedures ':or the three manne::-s •,ere 
very sicilar; only the procedure for apply~.ng :he wat•r to the model varied. 

The proc~dures for running a test ~ete as follows: 
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·
1, Prepare model for testing. This included preparing the sand by plac

ing or leveling; preparing the rainfall cart for desired rainfal: intensity by 
changing nozz:es, nozzle heights anc end stops; changing the siope of rhe 
model; draining sump tanks; and preparing the recorders. 

2. Initialize test. This included starting c~e rec~•ders, setting the 
time, draining the l3teral drainage trough, recording te~t conditions, measur
ing initial depth of water in runof: ~u~p tank, and recording the initial 
water meter reading. 

3. A~p;y water to the model as prescribed for the tes:. This included 
adjusting the water application rate and the spray pattern. 

~. ~ote pec~1liarities cf :he test including unusual environoencal condi
tions, prob!ems, and var!atio~s fro~ the cesc procedure. 

5. After the rainfall was completed and runo~f ceases, oeasure the final 
depth of water in runoff sump t.nk. 

6. Measure water levels ~n ?iezometers periocical:y. 

7 Drain tanks 35 required. 

8. Contin~e testing until the heads become so low ~s to nearly eYpose a 
transducer to air and then stop drainage or start a new test. 

9. Collect data from recorders and reduce the data. 

Prior to calibration of the pore pres~ure transducers, water was added 
slowly c0 both ends of che model. In ~his ciann•r the ,and was satu~ated pri
ciarily from the bottoc up, which forced t!,e atr c-uc of the sand. Folbwil'g 
che calibration, the sand was .!rained and Lhe drai:,.. ge :-ace and heads were 
mEasured continuously ~hile ~raining. DraincgP :r0m presaturated sand was 
~easured for only four test :onditions since saturaLi~~ was required only !or 
calibratio:-:. 

For the tests in whi~i1 a constant average head of 12 in. was :aaintained, 
water was applied to the codel to increase d1e head rapic!ly to 12 in. This 
water vas applied at a ra~e of about 0.5 in./hr, After reaching a head of 
12 in., the rainfall i.Jtensity was decreased to the intensity es:imated as 
necessa:-y to malntain the head. The des!red intensity was deter-:nined by 
adding the evaporation rate, the rate oi leakage and seepage, and the drainage 
rate which c~rresponded to an average head of 12 in. during a :,revious rain
fall for the seme physical test con"~tions. '."he 1:itensity wa• adjustec! during 
the test if the head did not rP-~~n consr.ant near :2 in. The rai~ was ccn
tinued for at lesst 12 hr aft~l the h~ad remained n~arly con~tant. 

The evaporation rate ranged from about 0,2 to 0.3 in,/jay while r~ining, 
as esti:ated by the differences in th~ water application r,,ce and the lateral 
drainage rate during the steady-state drainage tests. Tht rate was depend~nt 
on building temperature and on the srray nozzle. The buiidir.g te~perature 
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ranged from abo~t 58°F to 90°F, but for most tests the te~perature ranged 
betweeu 70°F and 82°F, 

Leakage varied directly 45 ~ function of head, Eoth models leaked, but 
the short ~odel was m~re water~ight than the long model. The leakage rates 
for the short model were measur,d to be about C.02 in./day at a head o: 
20 in, and about 0,01 in./day at a head of 12 in., while the leakage rates for 
the long model were measured to ce about 0.12 in./day at a head of 20 in. a~d 
~bout 0,07 in./day at a head of l~ i~. N~ither mode: leaked at heads below 
6 in. since al: of the seams in the model were above this de?th. !he long 
model leaked more because it suffered greater deflections upon loading due to 
its greater leng:h. This caused more seams to rupture and leaK, T:iese 
leakage rates we~e used to c~rrect the water budge~s for each test. 

The majority of the drainage tests encompassed meas~re~ents before, dur
ing, and after a specified rainfall event. In these tests, a specified quan
tity of water, either 48,5 or 291 gal for the shore model and eith~r 98.5 or 
591 gal for the long model, was sprayec acros5 the entire surface of the sand 
in a specified period of time--1, 2, 6 or 24 hr. T~ese quantities of water 
correspond to about 0,57 in, and 3.4 in. of rain, respectively, for both 
models. During these tests, the head increased from a starticg point of about 
4 in. to a peak value occurring about 30 mi.~ after the rainfall ceased, and 
then returned to about 4 in, when the test was stopped. Several tests were 
allowed to continue until the head was nearly zero inches. 

DA7A REDUCTION 

The readings of the pressure transducers werP- recorded on a digita~ 
recorder at an interval ranging from 10 to 60 m!n, The reading for each 
transducer was cunverted into head of water at tha location of each trans
ducer. The reading was converted by subtracting the zer~ fer the transducer 
and then multiplying ttis value by the l.lnear response fa~tor for the trans
d~cer to conver: the millivolt value to pressure head in inches of water. The 
head was th~n correc~ed for changes in the barometric pressure and temperature 
using the readings from a tran3ducer installed t, ~onitor these changes. The 
heads were then corrected for the d~fferences between the elevations of the 
transducers and the elevations to the surrounding clay liner, After the 
actual heads w~re computed, the heads throughout each model at each :ime 
period were averaged using the trapezoidal rule. The head at the lip of the 
drainage trough was assumed to be zero, and at the u,per end the head was 
assumed to be the same as at the uppeniost transducer. 

The volume of drainage was I· corded continuously on a strip chart. The 
drainage rate was determined by re~ding the change in volume of drainage 
collected in the sump tat~ for an i~terval of time or the volume of drainage, 
as tip3, passi~g throu.h the tipping )ucket during an interval of ti.:!ie, These 
volumes were than divided by the ~nt~.-val uf time to yield th• average 
drainage rate. This rate was re-corded as the drainage rate at the center of 
the ti:ne i1!terval. The intervals ranged from 15 min to 3 hr ~epending on how 
rapidly the drainags rate was changing, 1,1e drainage rate was the~ correlated 
with che heads by matching the time of the readings, 
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SEC':'~O~ 5 

PHYSICAL ~C::JE:L Rc:s·,·:.TS 

This s~ction presents the results of :he irainage tes:s. :hese results 
include measurements of the saturated depth as a function cf distdnce from 
drain, measurecencs of saturdted depth and drainage rate as a function of 
time and, s::.milarly, measur~ments of dr~inage rate as a f~nction of saturated 
depth. E:xplaoa~ions of these results are presented in the next sect!.c•n alorg 
with comparisons b~tween these results and the ~ELP model ?redictions. 

SA':"L'RArrD-DEPTR PROFILES 

:-he depth of sa~uration was measured using pressure transducers at various 
distances from the drain, Plots of depth of saturation v~rsus distance fro~ 
the drain are shown in Figures 7-10 for various times during the experiments. 
The depth measurecents at a given time were used to compute the average 
saturated depth (y) for that tuie by the trapezoidal rulP.. The v~lue~ of y 
are noted in the figures for all saturated-depth profiles shoW"l. A ~omparison 
of profile shapes indicates significant differences between the rising 
saturatec4.-<lepth profile (fill conditio,.s) and the fal:ing saturated-depth 
profile (drain conditions) for the samr y. The profilts are steeper near the 
drain when filling th.sn ,.-he:i draining. Th, difference is greater fer higher 
inf~ltration rates. Profile plots are shovn in Figure \, for steady-s:a:e 
discharge at slopes of 2 and 10 ?er:ent (1 • 0.02 and 0.10) when y equaled 
approximately 12 in. Steady-state profiles are very similar to the ?refiles 
for draining. Similar. plo:s for thE: hydraulic head abovP t!·,e drain ;:refiles 
are sho...ri: in Flgures 12-16. All profiles sho1n in Figures 1 -16 wer~ r~ken 
from the 6-hr rainfall experimen:~, except for the fine sand profiles i:l the 
sher~ oodel at 2-percent 3lope, which were taken from the 24-hour rainfall 
experimc0nt. 

DRAI;iAGE RATE At.."O SATURJ..TED DEPTH 

The variations in average sat~rated depth and drainage rate with ticP are 
shovn in Figures 17-22. Again, these figures repr.,se!'.t 6-'tr rainfall experi
ments with the exception noted above. In some cases, the er.:ire thickness of 
the drainage layer approached saturation prior to :he end of rainf~:1. As a 
result, the curve of ~verage depth versus time for a few cases approaches a 
plateau near the point of maximum average ,!epth. 

The same y and drai11age rate C::ata .\re presence~ in Figures 23 and 24. 
Here the drainage rate is plotted ~s a function of y for the same point in 
time throughout both the filling and draining portion of each experim~nt. The 
resulting curves show hysteresis in the filling and draining c,~~es for the 
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collrse sand. Similar hysteresis occurl'?d ,1!:h th'! fine sand. The da~a for 
the filling cycle were noc plotted bAcaus.? they crossed over Che l!~e~ for 
higher slop'?. Fo'C the :.ame y, the drai::ng.? rate du'Cing filling is greater 
than Juring draining. This is consistar.t: with t:~e profiles in Fi~ures 7-) 6, 
wh1ch ~how s:eeper hyciraul1~ gradients 3ea~ t~e 1ra;n !~7 filling ccndi:!ons. 
The curves also show that drainage continues af:er y has c~sentia!.l:1 re2:~.ec 
zero. This i,; ?resumed to '.le dra::..:.a,p of capil".ary water, coC1111onlv cal.le: 
delayed yield, An est!!n.ate of this c:arillary .~tar voh:me wren 7 had just 
drained to O in. based on an an.ilysis of the e:r.per~enc.:il data is a::>ou: 
O.l in. (cubic inches per squRre inch) for the fi~e saui and C.3 in. foe thG 
coarsf: sand. 

DP..AI~AZLE POROSITY 

They ar.d drai~age r~te data prese~ted in Figures 17-22 were u~~d co co-c
pute arainable porosity at various heights or..thin the c1odel. '!'he vol:.une of 
diainage wat!!r collected while the average saturated d•?pth fell fr~ y, to 
y, was div1ded b~ the :otal 1olU:11e contained in the model batwe~n y atd Y~· 
Tnis cU111ber was used as an estimate of the drainable porosity ~ithin1 the • 
region betveen y, and y. Toa results are shown in ~able 4. It is ap~arent 
that the drainabl~ por,Jit!Ls in Table 4 (ranging from 0.01 to 0.20) are less 
than those cited in Section 3 (ranging frou. 0.21 to 0.28). Th~ l~tter v~lues 
were :uxi:llum values based on soil moisture and porosity measure:encs taken 
af:er all eiq,erilllents ve~e concluded. The values in Table 4, ?articularly for 
hish y values, are 10\I d~e to delayed yield and capillary effects resulting 
fr= the high drair.age rl\te. Nevertheless, Sl.~ificant recbctions :;.n dra~n
able porosity appeared to exist vith increasing height above t~e clay liner. 
A cloaer examination of tt-ese data u£ing regression analy'.118 resulted in the 
following predictive equation for drainable porosity (uP) at a point located a 
vertical distance y (in inches) ~bove the clay liner: 

DP• DPC (0.953 - 0.0327 y) 

wbere OPC • drainable porosi:y constant. Values for DPC are lis·ced in '::able 5 
for eight experilllental cases. Based on an examination of the data, a lower 
lu.it for DP was set for this study at 0.0271 DPC. It is assumed that the 
;nesenca and vertical distribution of entrapped air were primarily responsible 
for the change in drainable porosity with height, although no ~2a!'ure=an:s of 
entra?ped air were obtained. 

Tabla 6 shows the time for y to fall from one level to another. As 
eiq,ected, the tillle for y to fall frUIII 18 to 12 in. vas significantly less than 
from 12 to 6 in. because of the larger discharge rates at larger y values. 
P.o~ever, the smaller drainable porosities at la1ger y values also contributed 
co the shorter drain times. For the coarse sand experiments, the times for y 
to fall fr0111 12 to 2 1~. ranged fr0111 0.5 to 1.4 days for the 25,4-ft-long 
model and from l.l to 4.0 days for the 52.4-ft-long modal. The fine sand 
expericl.ents eiq,erienced much !or,er drain time!' and therefore 1Jere not 
monitored long enough for y to reach 2 !n. In all expe:iments, y drained frOTU 
18 to 12 in. in less than about 1 day. 
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l 

TY&,e of 
Sand 

Fine 

Fine 

t·tne 

Fine 

Fine 

VI Fine w 

Coaree 

Coarse 

C.oarae 

Coarse 

Coarse 

Coarse 

• Values 

TABl.t:: 4. DRAINA81.E POROSITY 

Dralnable Poroelty Between Y, 

Slope 
(%) 

Drafn 
Length 
<ttL 

y M JI)
I 

y • 25
2 

- 25;; 1 
y • 20

2 - --

y • 20 
l 

y • 15
2 

y - 1r,
1

y • 10
2 

2 25.4 0.029 0.020 0.050 0.09) 

5 25.4 0.017 0.01~ tl.039 o. 117 

10 25.4 O.Ol7 0.016 0.052 0.09') 

'J. 52.4 0.007 O.Oi5 0.04J u.ue~ 

5 52.4 O.OlO 0.020 0.047 0.094 

10 52.4 - 0.015 0.0'18 0.08'.> 

2 2'>.4 - - 0.088 o. i!:1 

5 25.4 - - - 0.090 

lO 2'>.4 - - - -
2 Sl.4 - - 0.094 O.IJI 

., 52.4 - - - 0. 127 

10 5:>.4 - - - 0.1'.J? 

for y and y expressed in inches.
1 2 

- 1' 
and y

2 

y .. 10 y - 5I I 
"y ~ 2y?. - 5 2 

1).137 

0.109 

0. 151 0.187 

O.lH 0. I 86 

0.109 0.171 

0. 136 0.209 

O. l61 0. 201 

0.15) 0.185 



Type oi 
Sand 

Fine 

Fini! 

F!r.e 

Fine 

C.:.s.rse 

C.:.,ar .. e 

Coarse 

Coarse 

,ABLE 5. VALliES FOR DRA:NABLE POROSIT:' CD~ST,'..i'<--:', r"C 

Dra:!.:1 
Slope :..,.ngth 

(%) (ft) :lPC 

2 25.4 0. 16. 

10 25.4 

2 52.4 o.1s: 

10 52.4 0, 14/ 

2 25.4 0. 21 ~ 

10 25.4 0. 191 

2 5;:. 4 0. 22( 

10 52.4 o. 20( 
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TABLE 6. DRA:NAGE 7T~iES* 

===-----=-=--:.=========================== �
!ime to Dr:ii:, from Y, to - (hrs;Y2• 

Drain - l8** - 12 . 6Y1 Y, � Y1 
Type of Slope Length 

(~t) Y.,_ - 12 Y.,_ . 6 Yi • 2
Sand (%) 

Fin~ 2 25.4 !1.0 

Fine 5 25.4 10.5 l6.5 

Fine lO 25.4 8.0 15.8 

FiJ:le 2 52.4 24.4 >SO 

Fine 5 52.4 21.6 >3i 

F!ne 10 52.4 16.2 

Coarse 2 25.4 7.0 12. l 20.6 

Coarse s 25. ~ 4.J 9.2 10,9 

Coarse 10 25 .4 5.0 6.2 

Coarse 2 52.4 19.0 36.5 60 5 

Coarse 5 52.4 8.7 21. 5 27.0 

Coarse 10 52.4 !2.0 iJ,9 

* � Drai~age times in this table were taken f=om 6-hr rainfall experiments, 
exceot for the fine sand, 2-percent slope, 25.4-ft drain length c~se which 
was taken fr= a 24-hr rainfall experiment. ~ashes indicate that data 
were not available, 
Values for y

1 
and y2 expressed in inc~es.** 
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SECT:CN 6 

VERIFICATION OF THE HELP ~ODEL 

Comparisons becveen the HELP model predictions anJ the actual measure
ments are :nade in this section to assess the accuracy of the !!El.? lateral 
draina;z equation. All parameters required to co~pute the drainage rate by 
the iln? equation e~cept the hydraulic cunductivity were m3asured for each 
dr~inage test. Hydraulic conductivity ~easured in a permeameter in the soils 
laboratory differed siini!icantly fr0111 hydraulic conducti~i:y calculat~d from 
data on drainage rates and depth of saturation measured 1n the large-scale 
ph1sical 1110dels. This is thought rote due to differences in placement, com
paction, and preparation of the sand draiu.age media, and due to entrapment of 
air in the sand. As described in the do~umentation report for the HELP model 
(1), the lateral drainage equation was developed to approx:.::iata nW11erical 
solutions of the Boussinesq equation for one-dimensional, unsteady, unconfined 
:low throuP,h porous m~~ia lS). Therefore, the actual hydraulic conductivity 
for the draina~~ ~~sts was estimated by adjusting its value while solving the 
Bousainesq equation until the results 111atched the measured drainage rates and 
saturated depths. The hydraulic conductivity estimates are summarized in 
Appe~di.x A. Determining the hydraul!c conductivity in th!s .:ianner provided 
the best estimate cbtainable fur each test since the Bo~ssi~esq sclution is 
the co=only accepted representation of the actual drainage process. Com
parison~ were made for both steady-state drainage during rainfal: and unsteady 
draina3e following cessation of rainfall. 

C0111parisons becveen the Boussinesq solution predictions and the actual 
measurements are 111ade in the Appendix 3 to determine how well the most com
monly used theoretical representation of the lateral drainage procc~a per
fonis. The numerical solution oi the Boussinesq eq~ation usP.d in this study 
was developed by Skaggs (S). In addition, the Boussinesq solution predictions 
are c01tpared W'ith the REt.P mcdel predictions in Appendix C. These c0111parisons 
are very 1.:nportant because they defind the limits of modeling and damonstrate 
how well the liELP equation represent~ tl.e Boussines~ solution. 

COMPARISONS BY !r,"DMULIC CONDUCTIVITY 

First, the results of the steady-srate cases are described. The rainfall 
rate was adjusted until the average head on the lina~ (which is also the aver
age ~epth of saturation, y) reached a steady-state height of approximately 
12 in. Using this measured value of y and the conesponding measured value of 
the steady-,t~te drainage rate, t~e hydraulic conductivity was computed 
eltl)licitly usi~g the HELP drainage equation (Equation 1) W'ith the slope and 
drainage length employed in the drainage test. To compute the hydraulic con
ductivity using the Boussi~esq solution, a series of numerical Boussinesq runs 
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were :nade chan~ing the hydraulic conductivity until the comput~~ ~:eady-state
vhaving the measured steady-state drainage rate matched the measu.ed value. 
A compari~or. of these val-.ies is showr. in !able 7. Overall, the computed 
hydraulic conductivity using the HE"..P equation exceeded that using the 
Boussinesq solution by an average of 44 percent. Consequently, the BnP mode: 
underestaates the drainage rate by JO percent as predicted by the Boussinesq 
solution under staady-state c::mdit:!.ons. For fine sand, computed ·1alues of 
hydraulic conductivity by the HE::.P equativn exceeded the measured valu!s usi:lg 
~er.zieal:leters by an average of 3~ percent; for coarse sand, the average com
puted value was 10 percent of the measured ,·alue. 

TABLE 7. COMPARISON � OF CO~UTED H'!!)RAL"l.IC CO!'mUCTIV!T!:'S FOR 
Sn:ADY-STATE DRAINAGE 

Bvdraulic Conductivitv 
Rainfall 

Type of Slope Length Rate ¾• ¾u ½,t 
Sand (%) (ft) (in./hr) (c:n/sec) ( :m/ sec) (cm/sec'. 

Fine 2 ~5.4 0.034 0.006 0.006 0.004 

Fine 10 25.4 0,054 0.006 0,004 0,004 

Fine 10 52.4 0.025 0.006 0,004 0,005 

Coarse 2 25.4 0.071 0,021 0.015 0.220 

Coarse 2 52.4 0.033 0.030 0,021 0.220 

Coarse 10 25.4 0.169 0.025 0.015 0.220 

Coarse 10 52.4 o. 105 0.027 0.021 0.220 

* Computed hydraulic �conductivity using the HELP equation, 
** �Computed hydraulic conductivity using the numerical Boussines~ solution, 

t Hydraulic conductivity measured in laboratory pen!!eame-ers. 

For unsteady drainage following cea~ation of rainfall, hydraulic con
ductivity was computed explicitly using the HELP drainage equation for 
instantaneous measured values of y and drainag~ rate, To compute hydraulic 
conductivity using the Bouss!nesq solution, the following steps were followed: 
(a) Unsteady drainage frcm the physical model was simulated usin~ the nu~er
ical Rcussinesq solution with an estimated hydraulic conductivity; (b) at a 
given value of y, & correction factor was computed by dividing the :easured 
drainage rate !>y the simulated dt-'inage rate; and (c) the estimated hydraulic 
conductivity was multiplied by the correction factor to obtain the final com
puted hydraulic conductivity for the given value of y. Successive est:il:iates 
used 1n the Boussinesq solution showed that the correction factor adjustdd the 
initial guess co within 5 perc~nt of the besL estimate of the hydraulic 

57 �

http:H'!!)RAL"l.IC
http:measu.ed


conductivity. Hvdraulic conductivities were comput~d by these two methods at 
various vc>lues o·f y for aach experimental case. 

Overal:, the coi:iputed hydraulic conductivity using the RELP ~quation 
exceeded that usi~g the Boussinesq solution by an average of :3 ?crc~nt. 
Consequently, the HE:P equation underestioates the drainage rate by :1 percent 
as predicted by tne Bouss!nesq solution under unsteady conditions. These 
resul~s were detet"?llioed using a paired-sa:nple t test to detennine whether the 
differences in hycit'aulic conductivity values ':letweeo the two mett,ods vere sta
tistically different f?"o111 zero. Table 8 sull:l!larizes these results. ':'he test 
u~ing all data fr0111 all ex;,erimental cases conc:uded that the two methods ~id 
produce hydraulic conductivity values that were stat~stically d~!fer~nt. 
S!.milarly, the two methods produced statistically different hy~raulic c~nduc
tivities using the data for only coarse sdnd or only fine ~and; for onlv short 
model or only long i:iodel; and for Ot,ly 2-pe?'cent slope or 10-percent slope. 
However, when the test was conducted for individual experimental cases, the 
test concluded that in five out of eight cases, the two methods produced 
hydr·.ulic conductivity values that were not statistically differer.t. The five 
cases were: coarse sand in ~oth phy~ical i:iodels at 2-percent slope, coarse 
sand in th~ ~o~g ~~~el at ID-percent 3lcpe, and fine sand in both models ac 
10-percenc slope. 

FoT both steady and unsteady dTainage, the hytlraulic conductivity com
puted by the HEU' model was shoWT\ to exceed that com~uted by the ~ore rigorous 
Bous3inesq ~olution. ~onsequent~y, the P.nP model might be expected to undeT
escil:Jate the drainage rate from a drainage system where porous med!a proper
ti~s wert accurately known. However, in field applications, the magnitude of 
this underesti:nation woul~ probably be much less than the uncertainties in the 
in-place porous media properties. This diff1c11lty was highlighted in this 
study b) the l~Tge differences between labora:ory measurements usin~ permeai:ie
ters and app~re~: in-place hydraulic condu:::!.vit!es. Also, the differtnce 
between the -wo solution methods ves much less for th.? unsteady case-the case 
which genera:ly occuTs in field systems. 

The com,uted hydraulic cond\·,ctiv:!.ty of the sand during steady-state 
drainage by the Boussinesq solution was about &1 percent of t~e va~ue during 
unsteady drainage. Conaequantly, if the hydraulic conductivity £or unstaady 
drainage was used in the HELP mode~ for all types of drainage conditions, the 
lateral drainage rate would be underesti~ated by 11 percent during un~:eady 
drainage and overestimated by 14 percent during steady-state drainage. 

EFFECTS OF DITRAPPED AIR 

In analyzing the cet:1putJd hydraulic conductivity values, it 11as apparent: 
that hydraulic conductivity decreaseci with increasing;. Table 4 shows that.. 
the drainable porosity auo decreaseJ with increMsing y. LoveT drainabla 
por~sity could have resulted by ~~o mechanis,ns: greater air entrapment or 
greater co~pact:!.on. Compaction was 97 percent of maximum throughout th• ~and 
layer; therefore, air entrapment must have caused che decrease in drainable 
porosity. LoweT drainable vorosity results in lover cross-sectional area 
contributing to drainage; conse~uently, the hydraulic conductivity decreases. 
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---------
TAKI.I-: 8. COHPAKISON o:,• COMl'IJTEO HYDRAULIC CONllllC:TIVITIES FOK UNSTEADY lll<AINACI' 

---- --� ·--
Standard s t ,I t I tl I I C il I 

Hean \'1tlue DevJatJon :jfgnl f lc.,nce
No. of 

of (K� - K ) of (K - K )t ,1 f (KB - 1<'11)lJata 8 11 8 11 ttt tu/2 
Dates Grou~* Potntti** (cm/sec) (cm/sec) Stat if tic (o ~ 0.05) at o ~ 0.05 

All data 93 -0.00309 0.00693 -4.JOO -I. 960 Nor eqnul to zero 

C 43 -0.00589 0.00943 -4.098 -1.%:l "lut equal to zero 
J:,' 50 -0.00608 0.00101 -4. 740 -1.%0 Nor equal t11 z~ro 

' 
2 51 -0.00083 n.00115 -4 .175 -·l .960 Not equal Io zero 
I() 30 -0.00584 0.01055 -3.033 -2.045 Not et1ual to zero 

s 49 -0.00314 0.00815 -2.697 -1.960 N,1t equal to zero 
L 44 -0.00301 0.0(}')34 -3.765 -1.960 Not equal l.J zero 

lJI � C2S 10 -0.00067 0.00107 -1 .981 -2.262 H.i,- equal zero 
'° � Cl0S 8 -0.01609 0.01491 -J.053 -2. 365 N"t equal to zt:ro 

C21. 11 -0.00104 0.00233 - I . 4 79 -2. 228 May eqwil zero 
ClOL 6 -0.00749 0.00746 -2.4H -2. 571 Hay e<tu:i l ze 1 o 
F2S I 7 -0.00054 0.00047 -4.782 -2. 1:rn N1,t equal t,1 zero 
FIOS 8 -0.00031 0 • ..10073 -1.222 -2.365 May t·qua l zero 
J:,'21, 13 -0.00114 G.00127 -3. 2]5 -2.179 Not equal to ;,rero 
FIOL 8 0.000!? 0.00061 0. 5'>2 2.365 May equal zero 

• C • coarlie sand; S • short model; 2 - i:z: slc.pe. 
F • 1''1ne i;and; I.• long model; IO~ 10% tilope. �

*f Ea;h data poJnt represents one (K - K ) valne at particular y.�
11t K • Computed hydraulic conductJvrly 118tng the numerical Koustiinesq solution. �

tt K: "'Com1,utcd hydraulic conJuctivily u~Jng the 111::LI' equation. �

X - Hu 
t - \lhere; • m~an value of (1, - ~ ).8 1s/~ Hu hypothetical population mean O.a 

9 - titandard ,li!vlat ton of (K - K ).
8 11 

!l number of data pointti. 



To dete=ine whether variability in the est:u:ates of the hydraulic con
ductivity was a function of oth~r variab:.es in addition to average satura:ed 
ce::,c!'l. a series of unequal three-way aoa:ysis of variar:ce (ANOVA) tesr.s ·.-as 
ru:i c·.1 :he ,-:-c!-1 sets c;f est::.i::ates. 7his ?rocedure per.r.i:s ar:a:ysi3 o: experi
ment~ th~t have chree variables cal:ed treatments, which ?roduce varjance in 
:ho! "!leasurec! ,·a-ria!ile, A.'sO'JA .;lso pet1tits deter::iination of inte-rac:::.on 
bet·.ee:i va:-:a:::es. The var::.a:ice i.nd the nu:n!ier of duplicates cf cre,1t::ien':s 
die'. r:ct have to ,e equa: in the ?rOL!dure. The analyses were per~creed usir:g 
tl:e Stat?ro sof:·.·are by Penton Softvate Inc. (6). The test variable.s i:iclude 
type of sand. average saturated depth, ~lope, d~ainage length, rain:all 
dur~tion and rainfall 1:ite:isity. No effects cf rainfall duration and 
intensit: cuu:d be discer.ied by inspecric~: therefore, the initial A.'sOVAs vere 
run ·~si,-ig depth, s:ope and l.:ngth as the ·,1a:-i~bles for data sets c•Jn:a:'..r.ing 
hydraulic co:iductivity esti:nates !or on~ t~pe o~ sand. ':bese ANOVAs indicated 
that the hydraulic conductivity estimates by HEiP varied on:y as a funct~on of 
average saturated depth for coarse sand and of average saturated de?th and 
slop! for fir:,? sand. Runni:-.g A.'>OVAs on the esti::lattos generated by the 
Boussinesq selution, the esti~ates varied significantl; with depth 3nd s:cpe 
for both sa:i.fr. 

No ?hysical reasons are apparent for :he variabi:ity of the hydraulic 
cor.d•Jctivi :y as a function of slope. Therefore, the variability arises fro111 
inaccuracies i~ the manners io which the effects of slope a:e 111odeled by the 
Boussinesq equation and the HEU' ~quation. This difference is presented in 
greater detail later in this section and in Appendices Band C. 

A regression analysis wss cond~cted to investigate the relationship 
oenieen hydraulic conductivity and y. F.vdraulic cooduc:ivity, K, was fitted 
to a power func:ion of y such that 

-t'
K • a y C:5) 

where va!ues of the regression coeffici0nts a and bare listed in Table 9 for 
10 of the ex;,ericeotal cases. !his equation applies only toy values rangin; 
frc111 Z.5 =~ JO in. in these drain~ge tests. !n Equation 15, the units for K 
are cent!.:Deters per second and the units for y are inches, The relationship 
,enieen drainable ?Orcsity and height above the liner is presented in 
Section 5. 

COMPAR:::so~ OF DR,\INAGE RATES 

To further res: the accuracy of the RE"LP lateral drainage equation, the 
relationship between drai~age rate and y as predicted by t~e HE~? drainage 
equation was cu111pared to 111easured results for unsteady drainage following ces
sation of rai:,f all. The comparisons are shown in Figures .25 and 26. Measured 
results are represented by the shaded area which defines the range of al: mea
sured data for the given sand, slope and drainage length. Three c01Z1putad 
curves are a:so plottPd. One curve represents the REL? drainage equation 
using the hydraulic conductivity measured in the laboratory permeameters. A 
second curve represents the HEU' drainage equation usin~ the mean of hydraulic 
conductivity est~tes obtained frot:i the 3oussioesq solution for all unsteady 
drainage ~es~s perfoI":lled with the given sar.d, slope and length. The third 
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TABLE 9, REGRESSI0N C(lEFFIClENTS FOR HYDRAULIC CONDtC:IVITY AS A POI.TR �
Ft'NC:'ION OF y• �

Drain 
T:r;,e of s:cpe Length 

Sand (::) (ft) a b 

~1~~ 	 " 2.5, 4 0.0951 -O.S650-
Fine � 10 2.5, 4 0,0248 -0.6166 

Fine � " 52.4 0,0677 -C,72.52 

Fine � 10 52.4 IJ,00G8 0,0964 

Coarse 2 � 25.4 0.1297 -0.6934 

Coarse 5 	 25.4 0.0675 -0.4359 

Coarse 10 � 2.5, 4 0,L1477 -0.2092 

Coarse 2 � 52.4 (),1057 -0.5383 

Coarse 5 	 .52. 4 l). 0313 -0.2444 

Coarse 10 � 52.4 0.0395 -o. 1896 

-b• � The regres~ion equation is K •av where K • ~ydraulic concuc:ivicy ir. 
cen:imecers per second, y • av~ra~e depth of sacurati~n or head ?n the 
liner in inches, and a,~• regression coeff~ciencs, 

curve al9o represents the HELP equation but uses Equacio.:i 15 fo-r ~ydraulic 
conductivity. The curves based on laboratory measurements of hydraulic con
ductivity resulted ic poo-r fits except for the fe~ cases where the measured 
hydraulic conductivity was ciose to the computed values. ":'h~~ again high
lights the difficulty in e-3~11:lating in-place hycraulic conductivity from 
laboratory measur&~ents. The curves based on a mean value of hydraulic con
ductivity fit reasonably well within a --latively narrow band representing the 
y region for which the m~an h~draulic conductivity was c~mputed. 0utside this 
band, the precicted curve~ tended to deviate, especially for the ~her: model, 
The curve b-sed on Equation !5 generally f!t vell for y values le~s than lS to 
20 in. for the fine sand and less than 12 to 15 in. for the coarse sand. 
These else represent they ranges for lrnirh Equation 15 and Table 9 were 
derived. N~re of the predicted curves fit wail at y values close to zero due 
tor.he measured capillary water drainage which the HELP equation does not 
mode.I. 
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SL'!L"LAT!O~S SY HELP ~ODEL 

Figures 2~-30 shew he. ~el: ch~ draina~e equation in the RE:.P oode: pre
dic~td drainage rates versus ci~e :h:cughouc an er.tire rainfall experi~ent. 
Si:ilar cocparisons for average depth of saturation '.average head en liner) 
versus ti:ne are also shown in these fig·1res, The :,redic:eJ curves were com
~uted usi~g both drainable porosity and ~ydraulic conductivity ~s func:ions of 
y (Equations !4 ;,nd LS). :'he volu:ne o: drainage is r.ct necessarily equal :or 
·~oth the pr~dicted anc actual C'-l~es ~ecause evaporative losses had to be 
est.!..:1£ted in tha prediction. Similarly, sine~ evaporative anci runoff losses 
are ti=e dependent, the rate of change ir. ri~pt~ and drainage rate during the 
ex~~r:u:ent :nay be aftected by the est::nation of these lo~ses. Nevertheless, 
:he figures should demonstrate the overall per!~=ance of the si:nu:ati~ns. 

The peak drainage rate and depth of saturation were genera:ly over?re
dicced for the drainage tests perfor:ned at c slope of LO percent whi:e the 
predictions for tests condu~ted with a slcpe of 2 percent agreed well with the 
measured results. The lil:1.P equat•.on appe;irs co unde!j)re<!1.ct the drainage race 
for a given depth of saturation in the oodels at 10-~ercent slope. This 
~ncreas~3 the storage re~uirement and consequent~y the peak average depth 
since water that has not been drained is still stored in the ~a:id ar.d contrib
utes to the head. The overpredic:ed peak depth produces a pe,k drainage rate 
that is also over;,redicted. The prediction disagrees with the ceasured 
re9ults zost significantly during the p•-iod the sand layer is filling with 
water. However, an ex;,erimental facto~ 111ay have also contributed to the d!.s
crepa.1cy. As oentioned earlier, t!',1 fine sand layer a?proached c=plet'! sat'J
ration in portions of the model at peak discharge. Consequently, th~ head 
pr~file was forced to shift, becOllling steeper near the drain, which ?reduces 
drainage rates in excess of those expected fr= a thicker sand layer with :r.ore 
available storage capacity. T~e HEL? sioulation was r~nducced without a ~~ci
tation on th~ depth of saturation and thus produced 1,wer drainage rates at 
the larger values of y. 

A detailed eva:uation of the HELP drai:ia~e equation based on these coc
parisvns i9 cc,mpli~ated bv che e9tioates of hydraulic conductivity and drain
able porosity the:: were involve:!. Chang~s in th.2se values ,..ould have p;:od11rot{ 
diffsrent results. lower values of hydraulic conductivity would have produced 
smaller drainage rates and larger values of y. L~wer values of drainable 
porosity would have produc~1 larger drainage rates and larger values of y. 
Figures JL and 32 represent predicted curves where mean values for hydraulic 
conductivity and dra!.nable porosity were used instead of functions of y. Si.~
nificant changes in these predicted curves can be observed. 

A.'lALYSIS OF oiv.r~AGE "Qt:ATIGN 

Finally, an analysis was conducted to determine how weJl the drainage 
equation in the HELP ~odel ar.counts for the effects of dra!.r.age length (L), 
slope (a), average depth of saturation (y), and aL in the estimation of the 
drainage rate. 'P.-e measured <lrainage races used ~n chis analysis were aver
ages of the drainage rate measure~ during various unsteady drainage tests 
having the sa~e sand, slope, drainage len~th and average depth cf saturation 
but having different raini~11 durations and intensit~es. These tests are 

64 

http:unde!j)re<!1.ct
http:equat�.on


C 

I 
-· ',, C 

I 
I ,.

10 '~ ..I ..... 
I IC 

.,_t r '! ~ I 
~g I 

'a ," ....;
I GI I ,..>I :...!. "' r -! "' 10 

:;; ::! 8 • I I •. . = io = 
C.. - .. g-.. .. 8-

;; ~ -.. .. ;- 3 /0 we_ ... �
I t. ~ i~ ..• -:, �

I ~- ; . ~j • § .." !....2c; 
cc!; !j If " e,a ~ 

! • .•J 8 .. 1: !i ..C 
lo / 0 - <., C 

,- I ~ 
10.a I '

• ., 
I! .. "'l;

• • 
(l 

I -.. C. 

r!a ... -
;, ..,

0 • 
.= C 

I r 
I � .. r:, �

Gil :- -4I ~L e. 

-= ...- ;; • .., :::.. 
.. II:CD) llVll N( Yl(l ., .. 
.. cc 
: C ~= .. .. 
Oj)" = 

a / .." -.,I' • j .. -:, 
I :, ::: , o I I 

• I -:, 
" ..E 

p / C ,_a r~ 
,.c a / C: ,.g

i .... .,, 
I 0 !/a/a .... .. -= 

~ C 

"' -
0: 

C ..,
C 

••"• 
0 = ..,....., 

a • "o, i I a .., ..··\ 
.. 

~[ 
" C 

0 I 

• o ..:, ... 
I ~ ~ 
I ., .::c ... 

I I 

~ i • $jl .. ....,,~I) ~ 

55 



..,
:•
I .. ...

1• :0

f; " <: !I I 
~ C. 

e'""! OI ! .:,4 C 0r' t. .,..,..=:.-" ~ ., e :N 
~ .. .. I .. .. 

~ :I I .,, e Q.-.. .. - .. ~~ 0" " ..~g li ii r4 -.. 
:. J ~i : . ~J .. ....,!~ 

I • .. _ >.. _ ,~ 
I 

:0 

~• ~ • .. .:. - C. .., 
.. 

~ 
~.., 0 

B 
I .., .. 00" ~ .. C: 

.. -<:. 

j 
I 

... 
J' = ..--=- ... .:. 

II .. 
:0 

;. la _1.., ....C: 

~ "' -: • i SI ii Iii ~ • °" .. "" ..... C: 
(U1 l!Vll ~jVllJ c-•1 IUG30 3:l'll!ll V >., .."' .. .., = 

= ..... .. ... ... 0.. ....- .. .. 0 oc ... ... ... C:I• "'C: ..• • ..i " <,!, ;; .. .., ..... .. ,..:o1 - QI I.
I• .., ... C. ~,"'N ~ "'N-

~e 
9 

/! 
.., 

.. 

Q.
a"' 0 .. ~i :; .. ~~ Q,: ~ -· ai ~ .. ..:!i .. - r; ~ .. = :...1""'., = C: 

I 0 II) III • 
!~ ..,,..',· ., ...o§ X .. .. .[! 

J 
"' 
~ 

... .. 
:::,A' -"-

0 

oc~ 

a• ·•• & • ~:~. a.•~ ~ a Iii Ill !! •- ~ • 
cdi lJ 'I¥ NT VllJ ~·, ~j.no ?.:Vll3Ay 

66 



r------------~-c,
• I i • 

1 .. " 
:: ~ ~ 
if._ 
O C 

.. <J 

.,:0 

E c.. 
---C ., 
> " ..., 

"C .. 
.•J ... 
... 0.. .: 
.. :0 .... .: " 
"' .. ,:: 
ac
'",_"".. ,:: 
>.... 
1 ~ ..... 
.. 0 " ... :., 

; 
"l..... 

..:;; 0 

c.;" I .. 
,:: I C .. r .. CJ 

"C - .." I • ,:, "" ....,::.... .., 
I a r ' ; i 1 .. c.. ..,..ii; ~.; - ..

"' ~ c..I ,. ' 'Ii 0: ~ 
I - 41 '..LJ CI  :c = !) r ~-
I

I 

r I 

I I 

"". (I ,e !! 



.I· 

• 5 

}. 
~ 
< 

"' z 
< 
~ 

.I 

•., - -- "\--fo. 

m-1 lfl, 

II ~ I \~"~ /o \ ..C 

IZ· 

~ 1~ /a
~ D< 

!]' • 
< ' 

. 
a I· ~ lo 

11. � l·HN RAIN Al ·D 57 IN /Ill 
UK Nlllfl A I IDI SI l,'I 

l'Ht:01(110 
u ACll.oAL 

~ 
~"-'l._a a 

~ 0 •• u 

-----
1· .

SIIM[ 
_lo .. 1l~ltwur,1 

~ ~5 

)7 IN. llfl
L. l-111 .iAIII ., oin1 SI.Ill'(

lC!I(; 111111.l Al 

__ PRlOICIIO 
D ACTUAi 

~u�
0� 

000�~ 
u 

• , • 
~- -,,-'.'._ 

. ~ };· ·10 ,~Is, Ill!: o.....-.> 

. J 

•a 
n.n 
D 

], .l 

~ .·~<r 

~ 
< 
~ 

.115 

D I 
lO °'00 

n 

1 
C !II 

:J...... ISQ... 
CJ ... �
u 
< ID·QC... �
> 
< 

S ·Vu 

I "1 ··--· 

----·--·-----
II. � 1-lfl RAIN Al O ~ II<. /lfl 

10N(; IUlll Al ll SI.IJ'l 

l'll(Olll(D 
a Al IUAI. 

~-"'-----...._·-~
1 lo L; i;; H 

Jlll[ lhotr,I 

--· 

II. �I ·hit RAIN Al 0. 511 IN /Ill 
I ONG IIIIH Al ll SI.II'( 

l'R£nlC:lO 
a ACIU~ 

Do 

~D 

--u-'l...a..11~ 

I, 1.~- I,; ~~.j-.Jo 
T1Nn <tor,> 

Figure 10. MeaAtireJ drainage rate and average satur,1ted depth v11. t !me c:ompared to 
IIEI.I' preJictton for c-011r11e sand In the long mo.tel at alopt!s of 2 -.nd 

10 vercenl. 



.ZS 
I ,; 
I 00 

0 

.... 
!.. ·1 
.!::' .Js-,c! 
........ 
<a:: ~ 

::!= ,1..J 
<
25 

.05 

15. 2-HR II.A IN AT � C. 54 IN. •'HA 

PRcDICTED 
a ACTUAL 

a+----.-----.----......----,-----,-----;
0 0 � so 

TJIIE C.'iours) 

ll 

6.2-+iR RAIN AT � J.54 IN.M 

,... � PRED:CTED 
a ACTUAL ~ 

C-
::c 
a. JS -..... 
Q 
...., 
i..::I 
< C: Cl Cla::.... 
> 
< 

a--------------..----r---..lJo 20 30 4D :w.i .... 
TIME Chours) 

Figure Jl, � Measured drainage rate and average sarurated depth vs, 
time compared to HELP prediction for fine sand in the 
long model at iO-percent slore using mean valu~s for 
hydrau!ic conductivity and drainable porosity. 

69 �



.6-,-------------------------
J 

1 
5. I-HR ;IAIN AT � 0.56 IN./~ 

l'RECICT"ll 
a ACTUAL::~ 

.3~ 

.2 

Cl � cc 
C � Cc:,g

t � cccc:,i:, c 

C C ::I C C Cl J.al/ a-c---.----Clc:,_....::::::;::====:=;,:,,--J 
o 's lo Is 2D ~ 30 35 J 

TI li'E Chours) 

!&-------------------------
6,1-+fl RAIN AT � 0.56 lN.M 

l'REDJ CiEDi:o 12
Cl � a ACTUAi.-5 
C 

..... 

a 

F~gure 32, � Measured drainage race and averag~ saturated depth vs, 
ti~• compared to HELP prediction for coarse sand in the 
short model ac IO-percent s:ope using mean values for 
hydraulic conductivity and drainable porosity, 

70 �



treated as duplicates in this analysis. First, th~ effect of drainage lengtr. 
was isolated by using Equation l to cot:1pute the ratio of drair3ge race :or :he 
long model (Qt) to drainage rate fer the short codel (Q) giv~n the sai:ie 

- sdrainage media and ccnstant valut!s for a and y, 1:iis ratio was i=.ult::.;,:i,·d by 
the measur~d Q to predict Q,, The ci!fference bet"Jeen measured and prec:ic:ed 
Qt was assumedsto be due to a cocbinacion of eltl)eril:iencal error anc: simplify
ing assumptions used in the derivation of the HE:.P drair.age eGuati~~. 
Table 10 summarizes these comparisons, and Figure 33 flots the predicted Qt 
versus measured Qt, A r~gressian analysis was conducted using the data in 
rable 10 and Figure 33 to find the slop~ of the best-fit line ~hich also 
passed through the origin, The regressior. analyses performed to evaluate the 
HE:.P equation are su:murized in Table 11. The resulting slope was 0.8~ with a

2coefficient of 1eterminacion (r ) of 0.99. !:'le 9;-percent conf:!.c:encP. !nterva: 
for the s:ope did not include the value of l,00. :'he slope should equal 1.00 
and the interce?t should equal 0.0 if the predicted and actual results are 
identical ar.d the predic:ive method is accurate. Therefore, QL as measured in 
the unsteady drainage tests and as predictec: by t~e HE'LP equation based on a 
measured Q are statistically different, The R.:.""l.P lJteral drainage e~uation 
overest:1:u~es the decrease in drainage rate resulting fr0111 an increase in 
length given the same sand, slope, and y, 

Th• effect of slope was similarly isolated by using Equation l to compute 
the ratio of drainage rate for the 10-percent slope (Q ,~) to the drainage

1rate for th• 2-percent slope (Q .) g:ven t~e sa~e sand ind constant values for2Landy. This ratio was :nultip~!ed by the measured Q to predict Q ~· 
2 1Table 12 si=arizes these comparisons, a~d Figure 34 p1ots ~he predic~ic: Q •

10
,•ersus oeasured Q!O%. A regression analysis was conducted using che data 1.n'' 
Table 12 and Figure 34 to fi~d the ~lcpe of the best-fit line w~ich also 
passed through the origin. The resulting slope w3S 1,30 with r • 0.98. The 
9:-;,.?rcer.: con!"!dence inc .. rval !or the s:cpe of this l!,.e did r.oc include :t:e 
value of ! ,,JC, :'herefore, Q10::: as ::ieasured in the la::oratory and as pred~cted 
by the R::l? equation ~ased on a measurec: Oz: are stat!s:ically di!ferent. !he 
RE'LP later~: drainage eGuation overesticates the increase in drainage rate 
resulting from an increase in slope. 

Si~ilarly, Eruation l wus used to £Ompute the ratio of drainage rate for 
y • 12 in, (Q ~.,) to drair,agP race fer y • '5 in. (Q .,) given t!'le sace sand a:-.d

1 6consca~c v3lues for Land ~. In the calculatior. of t~is ratio it was assu:ned 
that the hydraulic conductivity at y • 12 in. was equal to 0,732 ti.mas the 
hydraulic conductivity at y • 6 in, based on Equation 15. This ratio was 
multiplied by the measured Q ., to predict Q1 .,,. • Table 13 summarizes these 
c0111par:.sons, aud. Figure 35 p~ocs the predidec! Q12 ,. versus measured Q

12 
,.. 

~e slope of :he best-fit line passing through t5e origi~ ~as 1.02 w1tli 
r • 0.99, The 95-perce~: confidence interval for the slope of this line 
included the value 1.00. Therefore, Q

12
,. as measured in the laboratory and ae 

predicted by the HELP equation based on a !lleasured Q6,. are not statistically 
different. The RELP lateral crainage equation accounts for the effect of 
changes in y very well, 

In the HELP lateral drainage equa:ion (Equation l) the slope (a) and 
drainage le~gth (L) occur as a product several times, This prcduct physically 
represents the ~ead above the drain contributed by the slope of the l:ner. 
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T.\BLE 10, EFFECT ~F LENGTI! DI THE H'E'-P DRAINAGE EQrAilO~* 

QL/Q ~easurec! !'leasured Predi~tec"'-Type of y Slope fr= HEL.? Qs QL QL
Sand (in.) ( ':) 'Ec'.Jat:!.on <sEt:i) (~E'll) <se:1 

Fine 6 2 o. 737 0.030 0.025 0.022 

8 2 0.689 0,044 0.030 0,030 

5 0.868 0.043 0,040 0.037 

10 1.005 0,058 0,061 0,058 

12 2 0.626 0.056 0,039 0.0~5 

5 0.802 0.058 0.051 0.04i 

lO 0.956 0,072. 0.070 0.069 

14 2 0.604 0.067 0.045 0,:)40 

5 0, 775 0.068 0.057 0.053 

10 0. 933 0.082 0,081 0.077 

Coarse 6 2 o. 737 C.,056 0.052 0,041 

5 0.909 0.098 0.094 0.089 

10 l. 033 0 .164 0 .166 0,169 

8 2 o.6e9 0,070 0.067 0,048 

5 0.868 '.l. l.~3 0. l :6 0 .107 

10 !.005 0 .183 o.~04 o .18.:. 

12 2 0.626 0.119 0 .106 O.G74 

) 0,802 O.i.77 o. le~ 0 .142 

10 0.9~6 0.244 o.,a1 0.233 

14 2 0.604 0. l 51 0 .139 0. 09 i 

5 o. 77, 0.218 O,ZlO 0.169 

10 0,933 0.264 0.334 0.246 

• Q • Drainage rate fro.:i long model,
1Q • Drainage rat;i free sbort model. s 

*"' Pradict1d QL • (Q /Q frum ~ Equa~ion) X (Measured Q ) , 
1 5 s 

7':. 
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TABLE 11. REGR!S510N ANALYSES Sl~! FOR 'EVAL~AT:ON �
OF 11i~ RE...P LATERAL DRAI~ACE EQUA':!0?1 �

95% Confiderce :!.:nits 
Q /~ * Qp/QA 2Data Set p .\ IntercRpt S** r 

Effect of length, 0. 749 to -0.0070 to 
constant :i 0.819 0.890 0.0125 22 o.9e7 

1.08fi :o -0.0269 to 
Effect of slooe 1.302 1.519 0. 0511 15 0.979 

O,B66 to -0.0207 to 
EffP.Ct of y 1.023 ! . l 93 0.0279 10 0.989 

Effect -if :iL • 1.115 to -0 ,0099 ~o 
con!tat...• L l. 19,~ l.:Z76 0 .0130 15 0.996 

~~•Drainage rate p,edicted by nn: equa~ion. 
Q" • Draiuage rate measured in drainage test. 

**ii'• Number of value9 in data set. 

Therefore, the effect of oL was si::lilarly isolated by using Equation 1 to COlll
putll! th~ P~!~o of drainaga rat• ~or an oL valu2 of about 3C.S in. (Q n) Lo

3 5drainage r-ate for an oL value_of about 15.3 in. (Ql 5 3,.), given the s~e sane 
and ~onstant values of L and 7. Th::.9 ratio va9 11:u ti?lied by ths :neas.... .:::::! 
Q 5 3,. to prec!:ct Q _5,,. Ti!ble 1~ sulDIIIArizes these ccmpar!.son9 and_ Figure 363plc.ts the pred.:.c;cd 8 5,, versus measured QJO ". A t1agrassion ana..ysi·J was10 5conducted usir.g the data in Table 14 and Figure 36 to find the s"v~:: ~f the 
best-fit lize which also passed throug~ the origin. The resu!:ing slop! ... ~~ 
1.20 with r • 0.996. The 95-percent confidence interval for the slo;.,, did 
not 1nclu1e thi;; value of l. ClO. Therefore, Q

5 
,. as measi.reci in th• 13.bora30tory aod as preciicud by th,. i:iEU equacicn blisea on a ma~11ured Q • ,,, are sta

tisr ically d1fferenc. The HELP lateral drain::;e equatir,n ovo:rest!'.:iiaus :he 
increase in drain.iga ~ata resulting from an incraase 1n slope. 

Earlier, the effect of length was isolated :roo the af:acts of slop,:, 
t)'l)• of slope, type of sand, and y, ~ut ic was not isolated from the effect of 
(1L. To isolate the effects of length frOlll the effect of (1L, the ra,:io of 
draina~e rate for the long m~del (O,) to the drainage rar.e for the short model 
(Q) given the same sand and cons~ant values of y and 3L was c:ompurad using 
Eqiiation l. This ratio w,;.s multipl~e.i !l.)' the :n•asured Q to predi,;r O • 
Table 15 su1m1:arizes these comparisons and Figure 37 plocf' Che pred!ctea Qt 
versus measured Q. A regression analysis was conducted using th~ data in 

sTable 15 and Figure 37 t~ ~ind rhe slope of the best-fit lioe ~ich also 
passe-i through the origin. The resulting slope was O. 71 vi.:-. r • 0. ~9. 1ha 
95-parc.-ent confidence :'.nterval for the slope did not include tile value of 
1.00. Therefore, Q, as mea9ured in the laboratory and as predicted by the 
HtLP equation based~on a measured Q are statistically di~fer~nc, ~e HE"'..P 
lateral drainage equation overestimltes the d~crease it, d ~ainage race 
resulting fro~ an increase in length given the same sand, 3L, and y. 
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TAELE 12. EFFECT OF s:OPE I~ ':'HE BILP DRAI~AGE EQUAT:o~· 

Type or L -': 
0 10:102: 
from !illF 

~easured 

Gz: 
:-teasured 

Q10::; 

P:-ed!.cced*" 
0 10% 

Sand (1:l.) (to.) Eguacioo <821D) CSE!D l <SE:n l 

fine 305.4 6 3. 187 0.030 o.oso C.096 

8 :.804 0,044 o.c58 0 .123 

12 2.300 o.o5c 0.072 0 .129 

14 2. 12b 0.067 0.082 0 .143 

629. 4 8 ~.090 0.03C 0.061 0 .123 

12 3.512 0.039 0.070 0. l3i 

14 3.287 0.045 0.081 0 .148 

Coarse 305.4 6 3,187 0.056 0 .164 0. 178 

8 2.804 0.070 0 .183 0 .196 

12 2.300 0.119 0.244 0.274 

14 2.1:!8 a. 151 :J.264 O.J2! 

629.4 6 4 . .:.64 (J.052 0 .166 0.232 

s 4.090 0.067 . O. 2C4 0.274 

12 3.512 0. l 06 o.~87 0.372 

14 3.287 o. 1:9 0.334 ().457 

* Q2% 
QlO% 

• Drainage 
• Drainage 

race 
rate 

frOtD 2-?ercent slope. 
fro= JG-per:ent slope. 

** Predict~d Q!O% • (QlO%/Q~% from HnP Equation) X (~easured o2%l • 
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Figure 34. � Predicted vs. actual drainage rate using measured draln~ge at 2-percent elope 
to pre~tct drainage at 10-percent slope. 



TABLE: l J. EFFECT OF AVFRAGE DEP".'.'H OF SA !1.,'"RA".:'I 0~ ...... TilE :iELP 

Tv;,e of L 
Sa!ld (::.o,) 

:::.ne 305,4 

529.4 

Coarse 305. 4 

G?9,4 

• Q6., • ~rainage 
Q

12
.. • Jra 1 na i;; e 

*" P'!'edicced 0 12., • 

Slope 
(~) 

' L 

5 �

10 �

z 

2 

~ 

10 

2 �

5 �

10 

race fPom 
ra r e fr om 

(c; 12 ,,/Q0,, 

DRAI:-:AG::: 

Q!2"/Q!,'' 
f'l'OID ;;:::L? 
Esuation 

2,357 

1.918 

: .o9a 

:.998 

,.357 

1. 91 e 

1.698 

!.998 

l •695 

l.574 

l • ~ ::.n. 
y • ~ 2 1n . 

from HELP 

EC::AT!Oi;* 

:'1easured 

Q6" 
( Z,j!11l) 

0.030 

0.032 

0 .050 

0.025 

0.055 

o. 098 • 

0. l 54 

0.052 

0.094 

0 .166 

~'l.uati0n) x 

:-!easurl!d ?:-ediccec** 

Q: :·· 012" 
( Z,j!111) ( ~,1!1) 

0.056 (J.071 

0,058 0.062 

0 .G72 0.085 

0.039 0.050 

O.L9 0. l.32 

0. 17 7 0 .188 

0, 2:.4 0.279 

0. 106 0. 104 

0 .158 0 .160 

0.287 0.261 

·.~eascired ·1.,.,) 
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TABLE 14. EFFECT OF ai:. I~ THE HEL? DRAI~AGE EQUATIJS* 

Ty?e of L 
Sand ( i:i. ) 

Fine 305 ... 

629.4 

Coarse J05.4 

629.4 

* Q
5

.. • Dra10.1ge 
Q30 

3.. • Drainage15 : 

•• Predicted QJO.S" • 

Q30.S''/Ql5.3" �
y - ::ro111 !u:·_;, �

( !. :i. ) E.9u3tion 

6 l. 815 �

8 1. 736 �

12 1.609 �

14 1.557 �

8 i.736 �

12 l.609 �

14 1.557 �

6 1.815 �

8 l. 736 �

12 1.609 �

l 1, 1.557 �

6 l. 815 �

8 1. 736 �

12 l. 609 �

14 1.557 �

rate for :1L • 30.5 in. 
rate for :1L • 15.3 in. 

fr01D H!:.P(Q30.5''/Ql5.3" 
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:-!ea~ured 

Q15. 3" 
Ci2m) 

0,!132 

0.043 

0,058 

O.'.l6~ 

0.034 

0.043 

0.049 

0.098 

0.123 

0. 177 

0.218 

0.060 

0,0i6 

0.117 

0 .152 

Equation) 

:-ieasured Predicted** �

QJ0.5" G30. s·• �
(aE 111 J ( ~E-o) �

0.050 0.058 �

0.058 0.075 �

O.Oi2. 0,093 �

0.082 0. 106 �

0.039 0,059 �

0.050 0.069 �

0.056 0.076 �

0.164 0. 178 �

o. 183 0.213 �

0.244 0.284 �

0. L61. 0 339 �

0.091 r • 109 

0. 113 0.132 

0.163 r,. 188 

0.205 0.237 

X (Measured Q15 . .,).3
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CL • L = 305. 4 ". y '"' 14" 

/ �

m .4 � / 
~ A L = 629. 4,. , y = 6.. 

n L = 629. 4 ", y = 0.. 
ul 
t- u L = 6( !J. 4". Y = I 2" �
< �
n::: fJ L ·-- 619- . 4" • y "' I 4 ,. / • 

. 3 
LJJ 
L:) 

< z �
/ • 

O> ,__. 
0 < 

a: .2Cl 

C1 
Ld ... - 0 ,t �
LJ SJ • �,__. �

·/D • I 
Ii I �
(~ �
n_ 

0 
/ �

r -----,-- -

0 � . 05 • I . 15 . 2 . 25 - 3 . 35 
ACTUAL rJRAINAGE RATE (gpm) 

Ffgun, 36. � Predicted Vii. actual dnJfnnRe rate 1rnfng measured dn1l11age at al. - l'i.1 In. 
to predict Jrafna~e 11t ol. • ·io. ') In. 



TABLE LS. EFFECT OF u~:GTR c~ TiiE aEL:? DR.A::-AGE. ~qr:,u:oN G:vc:!-1 �
CONSTA1'"T :iL" �

Type of 
Sand 

(lL 
(:..n. ) 

-y 
(in.) 

QL/C::: 
·~-1..:, 

. '· __,n 

'lea~·~red 

Qs 
(gpm) 

Predict~d"" 
Q. 

'
( IU'lll) 

Fine l.':. 1 6 0.485 0.032 0. tJ:.:9 0.016 

Fine 15.3 8 0.485 0. C3i. 0.021 

Fine 15.3 12 C.485 0.058 0.043 0.028 

Fine 15.3 14 C.068 0.049 0,033 

Fine 30.5 8 0.058 J. Q39 0.02!1 

Fine 3C.5 1: '.l. '.l5C 0.035 

F:..ne 3C. 5 0.435 0.06Z 0.056 n.040 

Coarse 15.3 6 0.485 C.098 0.060 0.048 

Coarse 15.3 8 0.123 O.Oi6 0 060 

Coarse 15. 3 12 '.l.485 {J. l ii 0.117 C.086 

CoarsP. 15.3 11. 0.218 0 .152 0, 106 

Coarse 30.5 6 o. ~85 0.164 0. C9 l n.no 

Coar~e 30 . .:. 8 C. 183 0 .113 '). :)39 

Coarse 30.5 12 0.485 0.244 0. lt3 

Coa:-se 30.5 14 0.485 0.264 0.205 0. l28 

* QL • Drainage rate from long model. �
Q • Drainage rate from short model. �

5 

** F,·edic:ted QL • (QL,IQ =~·om l:!ELl' equat!on) ~ (~easured Q ),
9 9 
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SECTION 7 

SUMMARY A.\'!) CO~ctusrONS 

Drainage t,sts were performed on tvo large-scale physical models of land
fill liner.ldra!::1 systems to examine the e!fects that the length, slope and 
hydraulic conuuctivity or the drain layer and the de?th of saturation above 
th~ liaer have on the subsurface lateral drainage rate, The models have dif
ferent lengths, 25.4 ft and 52.4 ft, and adJ~stable slope rangirg from 2 to lO 
percent The models were filled with a 3-ft sand drain layer overlying al-ft 
clay liner. A 2-!n. layer of gravel was placed under the liner to collect 
seep~r.e frOlll the clay liner, Drainage from tvo different sands was ex3lllined 
1r. both models. 

• 
Several drain.age tests wer~ run on each configuration of the models by 

applyiog water as r.-infall to the surfac,! of the sand layer and then measuring 
the water table along the len&th of the ~odela and the lateral drainage volUlle 
as a function of time. Lateral drainage ~nd water table profiles were mea
sured during ~erioda of increaain1, decreasing, and ste,jy-~tate drainage 
rates ••n total, more than 60 tests were performed. 

The hyd~aulic conductivity of the 1and was measured in the laboratory 
permeameters, but its ,alue was apparently quite different and variP~ in the 
drainage tests, The hydraulic conducti~ity of the sand at various depths cf 
saturation was estimated for each test ,sing the Boussinesq soluti~n of 
Darcy's lav for u~steady, unconfined flcv through porous media and ~h• HD.P 
lateral drainage equation, These hydrai.lic: conductivity 'lalues were compared 
to deter,'11ne the i.greement becveen the HD..P moc.al and the Boussineaq aolutior.. 
For steady-state drain.age t~e m.P mod~l estimates of the hydraulic ccnuuc
tivity vere 44 percmnt greater than th• Boussinesq solucio~ estimates. Th~J 
re ..ult means that the HELP model under,istilllated the steady-state lacera' 
drainage rate predicted by the !ouu'lnesq solution by .30 p•rc:lnt. The HELP 
estimates vere 31 percent greater than the laboratory mcasurnents for the 
fine sand and 90 percent leas than tha laboratory meaaurements for the coar~• 
sand, For unsteady dr~in.age them.? lllOdel estimates vere only 13 percent 
greater than the Bousa1.~~sq solution estimates, which would underpredict the 
la,~ral drainag~ rate by ll percent. The underprejiction of the cumulative 
latatal drainage volume would De e:qected to be very 81"Jlll since the removal 
rate of •.1ater tram tha drain layer 1,y all other means is much smaller than the 
lateral drauiage rata. Conaaquently, tha effect of differences in tba pre
dicted and actual drainage times b 9111&11. 

The differences between the laboratory measurnaent of the hydraulic con
ducrivity snd either of the cvo estimates were much larger than the differ
ences betv~en the estimates. In additio~, the bydrsulic conductivity varied 
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_ --~~•vu v• """ uevcn or saturatl.on, apparent'.y due to entrapment of nir 
in the sand. Similarly, the drainable porosity varied as a function of depth 
of saturation due to the air. Thes• phenamena ~ake it very difficult to model 
t~e lateral drainage process and produce good agree~ent bE'1oleen the predicted 
and actual results for drainag• rate and depth of saturation as a function of 
tillle, 

An analysis was :,crformed to deurmfne !,ow weJ '. !:he lateral drainage 
equation in the HnP model accounts for the effects of drainage length, slope 
of th• liner, averag~ depth of saturation and head above the drain contributed 
by the liner (oL) in the esti.::11tion of the drainage rllte, The dra·.na~e e,;'.!a
tion overesti~ates the decrease in drainage ra~e by an increa~e in length 
given the same sand, slope, depth of satur=ttion and :,ead ..-:.~v" tl.e dra!n. 
Similarly, the equ~t!on overesti111ated the incr~ase in drainage rate resulting 
fr0111 an inc:-ease in !lore and head a:~ove the drair:, The ef~ects of dept'. of 
saturation predicted by the equaticn agreed very v•ll wit!: t::e actual ruults. 

The following conclusions and recommendations are made. Lateral drainage 
in landfill liner/drain systems is quite variable, probably d'.!e to air entrap
ment. The hydraulic couductivity m~asurement made in the lahoratc,7 is quite 
different than the in-place valu•. Consequently, the estimation of t~e lat
eral drainage ra:e is prone to considerable error despite having a good equ•
tion ~~ solution m•thod for the estimation. N~verthelesa, the predict!or. of 
:i,e cumulative volume of llteral drainage is l1k1!ly to be quite good since the 
depth of saturation vill be overpredicted if the d~ainage rar.• is undar-pre
dictPd and vice versa, chereby adjusting the drain~ge rate. However, the pre
dicted deprh of saturation will be quite different from the measured value, 

The lateral drainage equation in the HELP model performs very well for 
tests on models at 2-perc•nt slope but over-predicted drainage and depths at 
10-percent slope. The model overestimates the effect nf drainage length in 
redu~ing the drainage rate and also overestilllates the effec,s of slope and 
head above the drain in increasing the drainag, rate. Therefore, additional 
refinem•nt in the equation should be performed to 111Ake th• equation va:id over 
a wi~ar range of slopes and drainage lengtl:s. Neverthele~s, the HELP eqUD.tion 
does provide a good estimation of the lateral drainage volu:11e. 

Evaluation of the ef!ects of drainage length, slope of the liner, depth 
of saturation a~d h•ad abov• th• drain on th• drainage rate pr•dicted by the 
Bousainesq solution snould be performed to determine vheth~r the effects 
observed wit!! th• REtP drainl'ge •quar.ion ar• unique. Sim.'.larly, an additiow1l 
data set of drainage results ~hould be collected to determine ~hether the 
effects are unique to this data set. Additional data should be collected for 
longer drainage lengths and greater slopes and from actual landfill/liner 
system.a. 
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APP'Din:X A 

HYDRAULIC CDNDUCTIV!~ ESTD!ATES 

The analysis performed in Section 6 of this report required estimates of 
th" hydrau:.ic conductivity of the drainage media. These es:a.ates wen, 
generated using the numerical Boussinesq soluticn and the lil:.U oodel lateral 
drainage equation. Estimates were generated for most of the drainafc tests 
incl11diug steady-state drainage, unsteady drainage follc"'1ng rai:ifal:, and 
unsteady drainage from presaturated sand. The hydraulic condcctivity values 
were ~st1111Bted at several depths for the unsteady drainage tests. Va!.ue~ for 
ateady-state dr•inage, unsteady drainage following rainfall, and uiut.. ady 
drainage from presaturated sand are given, r•spectively, in Tab~es A-1, A-2, 
and A-3. 

TABLE A-1. HYtRAULIC CONDUCTIVITY ESTIMA~S :OR STEADY-STA:-! 
DRAINAGE 

Model Average Drain Bydraul!c Ccnducc1v1ty 
Type 

of Sand 
Length 
Un.) 

Slope 
(%) 

Depth 
(in.) 

hte 
(in. /!ir·) 

(in./hr) 
B0ussines9. Hn.P 

Fine :!C5.4 1.8 12.6 0.0336 0.0061 0.0084 

Fine 305.4 10.4 13.2 IJ.IJ.543 c.00;7 0.00j5 

Fine 629.4 10.3 12.7 1),0249 0,0041 0,0058 

Coarae 305,4 1.9 11.~ O.G708 0,015 0.021 

Ccarse 305.4 10,0 11.J O,t688 0.015 0.023 

Coarse 629.4 2.3 11.3 0.0330 0.021 0.030 

Coarse 629.4 9.9 11.8 0.1050 0.021 :).027 

87 �

http:hydrau:.ic


~ABLE A-2. HYD!UrtIC COSDl'.':TIVITI E!'TL"IATES FOR ~~STfJ..DY 
DRAINAGC FOL:UWI~G R.,",~NFALi'.. 

Model Rainfall nydraulic Conduc!iv!ty 
T'.",>e 

of Sane! 
Length 

<in.) 
Slope,.,.... , 

D-Jration 
(hr) 

Depth 
( !n.) 

F!ne 
Fine 
F!ne 

305,4 
305.4 
305.4 

1.8 
1.8 
I. 8 

1 
1 
l 

9 
8 
7 

Fine 
Fine 
Fine 
Fine 

305.4 
305. I. 
305.4 
305.4. 

I. 8 
1.8 
1.8 
I. a 

2 
2 
2 
2 

19 
17 
10 
10 

Fine 
Fine 

305.4 
J05.4 

t.8 
l.S 

6 
6 

17 
9 

Fine 
Fine 
Fine 
Fine 

305.4 
30~.4 
305.4 
305.4 

I. 8 
1.3 
1.8 
~.8 

24 
2.4 
24 
24 

19 
15 
5 
4 

Fine 
Fine 

305.4 
305.4 

4.9 
4.9 

6 
6 

l7 
7 

F1ne 
Fine 

305.4 
305.4 

10.4 
10.4 

l 
1 

6 
.5 

Fine 
Fine 

305.4 
305.4 

10.4 
10.4 

2 
2 

17 
11 

Fine 
Fine 

305.4 
305.4 

10.4 
10.4 

6 
6 

16 
8 

Fine 
Fine 

305.4 
:,05,4 

10,4 
10,4 

24 
24 

15 
12 

Fine 
Fine 

629.4 
629,4 

2. l 
2. l 

1 
1 

8 
7 

Fine 
Fine 
Fine 

629.4 
629,4 
629.4 

2. l 
,<, l 
2. l 

2 
2 
2 

2n 
:6 
10 

Fine 
Fine 

629,4 
529.4 

] • 1 
2. 1 

6 
6 

20 
10 

(Contin\led) 
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(i:t./hr) 
Bcussi:i@s: ~EL? 

C,0138 o.o:o 
0.0151 0.0158 
0.0173 0.0180 

o.oois 0.0063 
0.0111 0.0107 
O.C'200 0.0211 
O.Jl72 0.0180 

0.0116 0.0117 
0.0182 0.0188 

0,0064 0.0063 
0.0078 0.0080 
0.021:; 0,0218 
0,0251 0.0262 

0. OC6 l 0.006~ 
0.0106 0.01::.2 

0.0083 0. 01.'96 
0,0092 J JJ 109 

0. OC 61 0.0059 
O.OG67 /J. 0066 

0.0060 0,0058 
0.0079 C.0082 

0.0039 0.0038 
0,0044 0.0043 

0.0164 0.0165 
0.0179 0.0184 

v.oo,o 0.0108 
0.008~ 0.0104 
0.0132 0.0135 

0,0084 0.0099 
0.0134 0.0136 



Type 
of Sand 

Fine �
Fine �

Fine �
Fine �

Fine �
Fine �

Fii,e �
Fine �

Vine �
Fin,. 

Fine �
F!ne �

Coaru 
Coarse 
Coarse 

C\,a!'se 
r.oarse 
.:oarse 

Coarse 
Coarse 
Co.1ue 
Coarse 

Coa':'!e 
Coarse 

Coarse 
Co11rse 

Coarse 
Ccara" 

Coarse 
Coarse 

!iod•l 
Length 

(in.) 

629.4 
629.4 

629.4 
629.4 

629.4 
629.4 

629.4 
629.4 

629.4 
629.4 

629.4 
629.4 

305.4 
305.4 
305.~ 

305.4 
305.4 
305.4 

305.4 
30~.:. 
305.4 
305.4 

305.4 
305.4 

30.5.4 
305.4 

305.4 
305.:. 

3C5.4 
30.5.4 

Slope 
( !) 

2. l 
2. l 

5.0 
5.0 

10.3 
10.3 

10.3 
lC.3 

10.3 
10.3 

10.3 
10.3 

l. 9 
I. 9 
1.9 

1.9 
·1.9 
1.9 

1.9 
1. 9 
l.9 
l.9 

5.4 
5.4 

5.4 
5.4 

10.0 
10.0 

10.0 
10.0 

TAl!LE A-2. (CONTINUED) 

Rainfall 
P..ira tion Depth 

(!ir) (in.) 

24 19 
24 9 

6 18 
6 9 

l 13 
l 11 

2 17 
2 14 

6 16 
6 ll 

24 17 
24 13 

2 15 
2 10 
2 4 

6 15 
6 11 
6 6 

24 8 
7.4..." a 

5 
24 4 

2 9 
2 5 

6 9 
6 4 

2 e, 
2 2 

6 7 
6 2 

(Continued) 
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Hydraulic Conductivity 
(1n./hr) 

Boussin,zsa HE'-" 

0,0081 
0,0128 

0. 0092 
0.0132 

o.0050 
0.0073 

0.0075 
0.0107 

0.0054 
0.0062 

0.0062 
0.0069 

0.0061 
0.0057 

0.0058 
0,0055 

0.0068 
0.0064 

O.OO•il 
0. 00t·3 

0.0065 
0.0062 

o. 0(·~8 
G.0058 

0.0228 
0.0276 
0.0720 

o.o;:.,a 
0.02i4 
0.071.8 

0.0225 
O.J279 
0.0413 

u.0227 
0.0274 
0.0431 

0.0317 
0.0316 
0.0508 
0.0734 

0.()319 
0.0:15 
0.0527 
0.0745 

0.03('9 
0,0383 

0.0306 
0.0409 

0.02.53 
0.0394 

0.0251 
0.0418 

O.CJ48 
0.0472 

0.0370 
0.0790 

0.0300 
0.0456 

0.0::!34 
0.074 7 



TABLE A-2, (CCNCL'CDED) 

Model R£1nfall Hydra~lic Conductivity 
Type 

of Sand 
·Length 

(in.) 

Coarse 
Coarse 

305.4 
305,4 

Coarse 
loarse 
Coarse 

6:9,4 
629.4 
629,l. 

Coarse 
Coar-se 

629.4 
629.4 

Coarse 
Coarse 

629.4 
629,4 

Coarse 
Coa-,e 

629.4 
629,4 

Coar-s-. 
Ccari,e 

629,4 
62~.4 

Coarse 
Coarse 

629.4 
629,4 

Coarse 
Coarse 

629.4 
629,4 

Coarse 
Coarse 

629,4 
629.4 

Slope 
(%) 

10.0 
10,1) 

2,3 
2,3 
2.3 

2.3 
2.3 

2.3 
2.3 

5,2 
5.2 

5.2 
5.2 

9.9 
9.9 

9.9 
9.9 

9.9 
9.~ 

Duration 
(hr) 

24 
24 

2 
2 
l 

6 
6 

:4 
24 

2 
2 

6 
t 

2 
2 

6 
6 

24 
24 

Depth 
(i:t.) 

3 
l 

16 
11 
5 

11 
3 

8 
!,. 

1: .. �
10 
5 

9 
7 

9 
4 

6 
3 

(in, /hr) 
Bcussinesc RELP 

0, 030 l 0,:)424 
0,0431 0.0814 

0, 029 2 0.0288 
0,0301 0,0294 
o.osco o.osca 

0.0277 0,0276 
0. 069 2 1,0761 

0.0354 0,0350 
0,0553 u.ose.:? 

0,0213 C,C294 
0.0281 c:. o:,6J 

0.015~ o.02e1 
0.0164 0,0349 

0,0278 0.0290 
0,02&7 0.0309 

0.02!!2 0.0300 
0.03f2 0.0449 

C,024S 0.0325 
0.03'.3 0,0527 
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TABLE A-3. ~RAUl. ! C CONDUCTIVITY ESTDIA~S FOR m-STEADY 
DRi.!1-AGE FROM PRESA~:!D S.U."D 

Model Hydraulic Cood~ctivity 
Type Length 

of Sand ( t ~. J 

Fine 305.4 
;,1ne J0~.4 
Fine 30~.4 
Hne 305 • .:. 

Fie• 629.4 
Fine 629,4 
Fintc 629.4 
Fine 629, 4 

Coarse 305,1 
Coarse 305. L. 

Coar9e 629.4 
Coarse 629.~ 
Coarse 629.4 
Coarse 629,4 

s:ope 
(':) 

1.8 
1.3 
1.8 
1.8 

2. 1 
2. 1 
2. 1 
2. 1 

lC.O 
10.0 

2.3 
2.3 
i. 3 
2.3 

L>e:,~h 
(in. 1 

14 
12 
10 
9 

2;. 
10 

6 
4 

10 
5 

13 
7 
6 
J 

(!.n./hr) 
B0uss!r:es9 !iEl..P 

0.0150 0.0136 
0.'.1111 0.0110 
o.ou,~ 0.0191 
0.0147 0.0148 

0.0079 O.uU6 
0.0155 0.0161 
0.0201 0,0201 
0.0238 0,02,~5 

0.0:43 0.0244 
0.0319 0.0434 

0.0260 0.0257 
0,0441\ 0,0454 
0,0456 0,0451 
0.0621 0,0647 
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APP~'"il!X 3 

COMPARISON: B~ ~O~SSI!lc:SQ SOLUT!ON �
Al>':l HELP LA~ DR.\:SAGE EQUAT1J~ �

The Hn.P lateral drainage equation ~as developed !r~m numerical solutions 
of the Boussinesq equation for saturated unconfined lateral flow through 
porous media under unsteady drainage conditions. Consequently, the two 
methods should predict the same drainage rate under the same unsteady drainage 
conditions when the sa:e value3 are used for the design par.weters. ~h13 
app~ndix compares predictions by the two methods using actual test data to 
d~ten:ine how well the B:ELP equation represents the Boussinesq solution. 

In s~c:ion 6 hydraulic conductivities predicted by the t~o methods were 
briefly compared. Since the drainage rate ccm;,utation i~ direc:ly propor
tio.ial to the hydraulic conductivity value in both methods, the esti:nates of 
hydraulic conductivity using measured values of drainage rat•, depth of satu
ration, drainage length, Jlope God infiltra:i,~ rate can be directly com9ared 
to deter.11ine the agrenient betwe•n the method~. Comparisons are made in this 
appendix for steady-stote drainage, unsteady drainage following rainfal: and 
uocteady drainage from presaturat£d sand using the hydraulic conductivity 
valu•s p,•sented in Appendix A. C01Dparisons are al~o :ude to dete=iDa th~ 
effect~ Qf slope, drainage l~ngth, tne of sand and depth of 3aturation on th~ 
agr•e111ent between the tvo equations. 

Steady-state drainage differs from unsteady dr~ioage since recharge 
alters the profile of the depth of saturation as a function of distance from 
the drain. Consequently, the drainage rate at a given average depth of satu
ration is greater for sceady-~tate drainage than for unsteady drainage when 
the profile is falling, and 1• lesa than when tbe profil• is rising. Io 
a~tual drainage tests the amount of difference is confounded by the difference 
in ~1r enr.rapmant between tbe two mode• of drainage. Comparisons betveen pre
dicted hydraulic conductivity values for steady-state and unsteady draina~e by 
the numsrical solution of the !oussinesq equ4tiou an~ tha HELP lateral drain
age equation are SWlllll4r1zed in Table !-1 where the ratio of hydraulic conduc
tivity valu~s is presented. The ratic of hydraulic conductivity estil:lates for 
s~eady-state draio.aga to those for u~steady drainage vas 0,614 using tha !ou~
sioesq solution and 0.831 using the HELP equation. Therefore, using a con
stant hydraulic conductivity 7alua for all type£ of dra1naga would produca 
greater error with th• Houas1ne~q solution than vith the HELP equation. These 
two regression& are preaenteJ in Figure B-1. A ratio of l.OOu and &.:1 inter
eept of G.OOCO indicate that the data are identic~l. In all of th~ regres
sions present•d in this appendix, the intercept was not s~gnificantly 
different f~0111 zero. Therefore, the regres1ions were run using an intercept 
of 0.0000 to detar.11ine tha ratios, ll/K2, presented in Tablas B-1 and B-2 • 
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TABLE l!-1. FiYDRX:..'l IC comir:-r; ,::-y UGRESSIQS ANnl.YS1S S~-..R! 

95': :onfidence limits 
Data Set Kl'K2 Kl/K2 InteTcepc N* r 

Steady-scat,! 1.15: co -0,CC:6 to 
dr.ainage tests•• l. 416 l. 680 O,OrJ:9 7 CJ.992 

A:l �unst'!ady l. 052 Co -0.0C23 to 
drainag- tests"* l. 134 l. 2i 7 C.0023 93 0.959 

Unsteady drainage l.059 :o -o.oou, ~o 
!oiloving rainfall** l. 152 l.246 0,0026 79 0.955 

Unsteady drainage 0.927 to -0.0035 to 
vitn prP.s1:uration** 1.049 l.171 0.0038 14 0.991 

Estilnat!!S frO'III 0.285 to -0.00i6 to 
BoJssines, solutiont 0.611. 0.9'-2 0,00 7 1 6 0.960 

Est!m.1t"s fr= 0,406 to -0,0IOC to 
HELP equationt o.a:n 1,255 0,0093 6 0.964 

* N • Number ot values in data set. 
** Kl • Bydlaulic conductivity value usi.Dg B!Ll' •quation. 

K2 • Hydraulic cond,ictivicy value usir.g l!oussinesq solution, 
t � tel • Hydraulic conductivii:y value for steady-state drainage. �

K2 • Hydraulic conductivity value for unsteac.y d=ainage. �

The 95-percun: ~,infidanca l!:zi!ts for the ratic and ch, in:e=ceFt ar~ ~:sc 
presented ir. !ables B-1 and B-2 to show the significance of t~e results, 

'l."he ratic; of the H!Ll' et' :iare (KR) to the l!oussinesq esti.m.atl! (IUI) for 
suady-state drain•!!• is stat:.. -~ca:l!' different at 95-:,ercent perc!'!·.1t con
fidence fr0111 the rario for unsteauy dr3inagC!, The ratio for steady-state 
drainage vas 1.4!& while it vas 1.134 for unsteacy drainage. The rrgrassions 
~re shovn i~ Figure S-2. The difference in the ra~ios for unsteady drainaee 
folloviag rain!all and frO"'. presat~rated sands as shown in Figura B-3 vas net 
signiticant at 95-percent conf~Jence, but the ratio for presatur11ti:m vas 
n.aller and cot significantly different from 1.000. 'i'he HELP hydraulic 
conductivity values are significantly greater :han the values esticllted by the 
Soussinesq so:ution, As presented in Section 6, this means that the l~teral 
drainrge rate is underestimated b~ the IIELP ~odel in coltl)arison to the 
Boussiaesq mocel ~y ~n average of 29 percrnt for steady-state d=ainage aDd 
12 percent for unsteady drainage. 

Su pa=..~•ters v•ra examined in the laboratory drair.age tests: tn,e of 
sand, slo;,e, de.,ch of !laturation, drainage len,cth, rainf,411 duration and 
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' 
TABLE B-2, lr!DRAL'LIC CCNlJUC:Tl'.VITY REGRESSION A.'iALYSIS 

FOR UNS:E.AD! DRAINAGE FOL~O~!~G RAI!<FALL 

S:% Confidence Li~its 
Data Set R:F. /IG * 1Q! !CI) Intercept 

0.99-. ::o -O.OC56 to 
Fine Sand l. 053 1. 1:2 0,0079 

0.930 to -0.0082 to 
Coa,:~e Sand l.162 1.395 0.0096 

1.0i8 to -0.00:.5 to 
Shore l'!odel 1.157 l. 295 0.0036 

1. 023 to -0.0025 to 
Long Model l. 145 1. 266 0,0037 

l.011 to •0,0007 ::o 
2% Slope 1.033 1.055 0.0007 

0.800 co -0,0083 to 
5% Slope l. 216 1.632 0.0112 

1. 235 to -0.0063 =o 
10% Slope 1. 427 1. 619 O.J026 

Average Depth (1,946 co -0.0087 to 
of O" to 7" 1.195 1. 443 0.0113 

A't'et'age Depth Q,935 to -0,0018 to 
of 8" to 14" 1.039 1.143 0.0024 

Average Depth C.93i to -0.0007 to 
of 15" to 20" •, 022 1. ~06 0,0013 

y � • O" to 7" o.,95 to -0.0025 to 
2% Slope 1.044 1.092 0,01)Z3 

y � • O" to 7" 1. 016 to -0.(1i64 to 
1.0% Slope 1.503 1.989 0,0146 

y 	 • 8" to 14" n.964 to -0.0008 to 
2% Slope 1.003 1,042 0,0010 

y • 8" to 1i," 0,855 to -0,0039 :o 
10:t Slope 1.136 1. 416 0.0039 

y • 15" to 20" 0,903 to -0.0013 to 
2% Slope 1. 024 1. 145 0,0022 

y • 15" to 20" 0.664 to -0.0016 to 
10% Slope 0.935 1.206 0,0016 

*Ira• Hydroulic conductivity value using Hr.LP equation. 
IC!• Hydraulic conduccivicy va!ue using Boussinesq solution. 

** N • Number of "alues in data sat. 

:.•• 

42 

37 

43 

36 

39 

12 

28 

27 

31 

21 

11 

13 

16 

11 

12 

r 

0.993 

0.953 

0.950 

0,964 

0.999 

0.940 

0.957 

0.9Sl 

0,984 

0.991 

0.999 

0.964 

0,999 

0.957 

0,999 
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rainiall intensity. Inspection of the data indicated that rainfall duration 
aod intensity had 00 effect on the drainage rate for a given sand, slope, 
length and saturated depth as depicted by the hy_draulic conductivity esti
t.'\ates, This was verified bi· perfonning a'l unequal tYo-way analysis of 
ve~iance (A.~OVA) using slo~e as the blocks and either ~ainfal: duration ~r 
irte'ls:ty as the :reat~ents. Blocks are the different levels of a variable 
that froducad variance in :he measured result. The levels of slope for the 
blocks ~ere 2, 5 and JO percent. Treat~ents are the different levels of the 
second variable that produce variance (6). S~=pe was selected for :he blocks 
,:lince it shewed the greatest effects on the ratios of drainage races ;,resented 
in Section 6 And the ratios ~f hydraulic co'lductivity val1es as sho.n in 
Table B-2. 

The effects of ~he remaining four parameters on the ratio of ·,,e hydrau
lic .:onductivity estim.~tes were examined by tYo m~thods. The first method Yas 
linear regression of the HELP-generated and Boussinesq-generated esti=ates of 
hydrauli.: conductivity. This cethod does not examine interaction effects and 
can yield er.oneous results ~ue to interaction~ and cross-con-elati~ns. 
Therefore, unequal tvo- and three-way ANOVAs on the 79 ratios of the ~ydraulic 
conductivity ecti.mates for unsteady drainage followi.·g rainfall were used as 
the second ~ethcd because of their ability to accouu: for interact!cns between 
variables. 

The results of the linear regression analyses for ~ype of sand, drainage 
length, slope, a~sra~• depth of saturation a~d average depth of saturati~n at 
a given ~lope are pre~ented in Table B-2. The ratio for estimates ganerated 
with data from drainage tests usin~ fine sand was l.053, while it wa~ l.162 
for estimates !or coarse sand. The regressions are shown i~ Figure B-4. ·aow
e\'er, the confidence i~terval for the coarse sand ratio was large and incluC:ed 
the confidence 11:111:s for the fine sand ratio so the type of sand did not sig
nificantly affect the ratio. Bowever, since the size of the confidencP inter
vals differed by a factor of 3, the type o[ sand may have an interaction with 
at least one of the other vari.1bles. The ratios for s~.ort 111odel esti:zlates and 
l~ng model esti~ates are very 31.Jr.ilar as sho\10 in Figure B-~ an~ ch~refore the 
drainage length does not sigr.ificantly affec~ the estirutes. The ratio of 
KH/Kl! increased significantly with increasing sl~pe as shown in Figure B-6, 
ir~icating :bat the HELP mod-.l underestimates the effects of slope in increas
1:ig the draiLage rate as pred~.cted by the Boussinesq solution. The effect. of 
depth of sa~uration is shown in Figure B-7 where the hydraulic conductivity 
esti:nates were divided into t:iree groups based on the depth of saturation for 
which the e~timate was generated. These ratios were not significantly differ
ent because the confidence interval for th, ratio at depths of saturation 
ranging from O co 7 inches ..,,.s much larger than the others, As with the type 
of sand. an int:1raction may be occurriog with another variabla. 

The interaction of slope and depth of saturation wao examined by perfonn
ing separate regressions for the effect of depth of satucatio~ using estimates 
of hydraulic conductivity fQr drainage tests at 2-p~rcent aod 10-percent 
slopes. Figures B-8 and B-~ show the reg-cesRions for 2-p•rcent and IO-percent 
slopes, respectively. At 2·•percent slope the ratioJ did nc,t differ at the 
three ranges ~f depth of sa1:uration. At IO-percent slope !l'JI/Kll decreased sig
nificantly with increasing depth of saturation. Ccnseque~tly, the RELP 
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e~u.~t!on under•sti.m.ated lateral drainage at 5111811 depths and large slopes 
c=pared to che Boussinesq solutinn but agreed vell at depths above 14 in. 

Additional comparisons of the effects of design parame:v.rs and their 
interl~tions on KR/KB vere made using un~qual thr~e-~ay A.~OVA. Use jf AN~V4 
on the 79 ratios for unstescly drair.age fellowing rainfall indicated that the 
main effect~ of slo?e, depth o! saturation and drainage leng:h and the 
interac~ive effects of slope with drainage length and slope with depth (listed 
in their order of 1.n:portance) were all signific3nt at 95-percent confidence. 
U3ing ASOVA on the 42 ratios froc the tests on fine sanci, only the effect of 
slope waR significant at 95-percent confidence. For the 37 v2luea from tests 
nn coarse sand, the interactive effect of slope with drainage length and the 
m~in effect of slope wer~ significant at 95-percent confidence. 

Results of ANOVAs on the data sets divided by type of sand indi~ates that 
int.eraction occurred between the type of sand and the other effects such as 
de~th of saturation, drainage length, an~ slore with depth, since these vari
ables were not sign'l.ficant upcn d:.,.•idin~ t:,e data sets. Therefore, an addi
tional. unequal tl\ree-way A.~OVA was perf ,rmed e:.caminin!! the effects of C'T,)e of 
sand, slope and drainage length using all 79 ratios for unsteady ~rainage 
followicg ra!nfall. Depth of saturaci~n was replaced by type of sand in the 
analysis since depth of satuT~tion wa~ not significajt in either of the tvo 
>~'OVA5 perfot":Ded on data for one type of sand. 11-e results indicate that the 
interactive effect of slope with drainage ltngth an~ the main effects of 
slope, type of sAnd and drainag• langth (lis:aJ in the order of illportanca) 
aTI! significant at 95-percent confid1nce, 

In cone)usion, the e:El.P equation unde?"j>redir.ts the late~al drainage rate 
in comparison to th• numerical solution of th• 3oussin•sq equation by about 
12 percent fer un~teady drainage and by about 29 percent for steady-state 
drainage. r.ie actu~l underprediction 1s a function of slope, product of the 
~:ope ~~d d=a!~a,~ 1~,gth, ty~e o! sand, and drAtndge len~t~. T'ne tvo models 
treat the~e effec,s in significantly different ways but, n~vertheless, fre
qu~ntly produce similar drainage rates. Under t~• worst conditions, the 
drainage rat• was un1erpredicred by 50 percent and overpredicted by 50 percent 
during unsteady drain~Re. Under steady-state condi:ions, drainGge was under
predjcted by a range o! 13 to 40 pe~c~nt. 
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APP:J~U: C 

COMPARISONS BET',,~I Ul!ORA':'ORY K"":.ASt"R.~'TS �
AND ~ICAL 3CUSSI!<ESQ SOLUTIO~S �

The Hr!.P lateral drai~age equation was developed to appro~i:n.att nume~!;al 
solut!o~s of the one~il:lensional Boussinesq equation for unsceady, unconfin~d, 
saturated ilow th~ough porous cedia. Appen:ix ~ an~ parts of Section b of 
this report present COlllparisons beNeen the E:1.? equation and the B0;Jssi:1esq 
solution to e,·aluate the valid!ty of the 8...~ equati:,n. :'herefore, !t is 
n~cessar; to co:npare the Boussinesq solutions to the laboratory measurecents. 
This for:::s a basis for ~udg!ng the signific~nce cf the d!ffereoces betveen the 
HD.P equatio~ predi=tions and the laboratory measuremeat3, and betveen the 
HE!.? equaticn anu the ~oussinesq solution, This appendix presents the com
parisons aor. discusses briefly bov well the Boussinesq solution predicts the 
draina1e results. In addition, the p~rforai.aoce of the HELP equation is co~
pared to th• Boussicesq solution results to present the significance of t~e 
di!ferences between the H..~ predictions and the laboratory measurements. 

Figur~s C-1 and C-2 shov the range of measured drainage ratdS as a func
tion of average bead above the liner (average depth of aaturation). Three 
predictions by the nucerical Boussinetq solution using three hydraulic conduc
tivity condi:ions are shovn for each test ccndition. The first curve is based 
on the.hydraulic conductivity measured in the laboratory pen:eameters. The 
secor.d curve vas obt.iined by using an average of the rarious hydraulic conduc
tiv!~y values esti~ated for the test condition by atteupts to ,alibrate the 
!louss!n.:sq solution. For the third curve, the hydraulic conductivity was 
cntere~ as a pow,r function of the aver~ge depth of sat~ration. This equation 
~as dP.ve:cped by ~erforming a curve fit of the hydraulic conductivity values 
cbr.ained by calibrat~on. nrnsa power functions are prese·1ted in Section 6. 
These ~ig,.1res are analoecus to Figures 25 and 26 in Section 6, where the 
predicticns were obtained using the H.EL? model in&cead of the Bouasinesq 
solution. 

The prf'dictions using t!.e la:>oratory-!11easured hydraulic conductivity 
value differ greatly from the actual results in a~l but on• of the eight taat 
conditions_ Prediction& based on th• :ean hydraulic condurtivity values cali
brated for the test conditions performed better and generally shoved agreement 
over a narrow range of average de?::,s. Better agreement was obtained using 
the function for hydraulic conductivity, but the relationship did cot fall 
within the range of observations throughout the entire rang• of average s~tu
rated de;,th despite all of the acte111pts to calibrate the Boussioesq solut~.on. 

Compari,g :he results shown in Figuns C-1 and C-2 with F!.g,J!'es 25 aiid 26 
shovs that t,,e results obtained uaing th• HELP equat1on vith tha same 
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hydraulic conductivity values produ~ad results that wer~ alightly better, 
though perhaps not significantly, than th• BoussinPsq solution. Thi.I. result 
1s surpris~ng since the hydraulic conductivity v~lues wete calibrated for the 
Boussinesq sol~tion anc not the RELF equat!on. Consequently, it is apparent 
that the !iELP model performs as well as the Boussinasq solut!oc. In adcition, 
the differences between the two ~echods are much so.aller than the di:ferences 
b~tveen the pred~cted and actual results, and in SQme cases are smaller than 
th~ range in the actual results. 

Fig,lres C-3 through C-6 show the measured drainage rate and the pred~cted 
drainage rate as a function of time using the Boussinesq solution with r~e 
power function of dept!-. of saturation used for the hydraulic conductivi:y 
value. Figures C-3 through C-6 also show the measurec average depth of 
saturztion and the predicted depth as a function of t!me. These fi8',res are 
analogous to Figures 22 through JO in Sect!on 6 wher• the predicted values 
were obtained using the HELP equ...tion. The results shown in these figures 
vary greatly; s0111e show good agree~ent, soce shov r~or agreement, ani some 
show good agreement only after infiltration ceases. The same is tn:~ for both 
the drainage rate and the average depth of saturation. In general, the 
results were very comparagle to the results obtained using the R.:."'1.? m~del but 
ware significantly ba~t•r fer test conditions having IO-percent slope. The 
HELP model yielded better results for test condHions having 2-per~~nt slope. 
The BE"..P equation pradictad 81Uller drainaga ratas for a given aver"ge depth 
of saturation. 

Figures C-7 through C-lO show the measur.ed and predicted head above rhe 
dra~ n as a function of the dis:anca fr0111 the drain under conditicn:, when •~... 
average head is incr~asing and decreasing, respectively, labeled fill and 
drain. The figures also show the head contributed by the sloped liner. The 
~redicted results were nbt~ined !rom the numerical Boussinesq solu:!on. Simi
lar head profil£s are not predi=ted by the RELP model and therefore no compar
ison~ can be made for the HELP model. In general, rhe Boussinesq solution 
predicts a more level profile vith a steeper gradient near the drai~ under 
conditions of decreasing heads, Cnder conditions of increasing heads the 
Boussinesq solution stiV. tends to predirt steeper gradients near the drain, 
but else~here the profiler.ends to be near 1 y par3llel to the clay liner; the 
actual profiles varied great~y. 

To suz:miarize, the Bouasinesq sol~tion after calibration still produces 
results significantly different from those neasured in the drainage ~ests. 
The results obtained with the HELP model were generally as good or better than 
the Boussinesq solution. The HELP equation performed better on tests con
ducted with 2-percent slope and the Boussinesq solution performed s0111ewhat 
better on tests conductad at 10-percent slope. The dif!erenc3s betveen 
predictions by the t~o methods for a given set of conditions were suu:11 in 
comparison to the range of actual rasults. Similarly, the diffarences ba:ween 
the pred!ctions and Lhe accua~ res~lts were much larger than the differences 
between the HELP aquation and the Bousainasq equation. 
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This report cescribes i! study conducted to verify thl? lateral drainage �
component of the Hydrologic Eva1uation of Land".'i11 Performance { HEL?) computer�
model using l aboril tory drainage data from two lrge-scale physical models of �
hndfi 11 liner/drainage syster.is. Drainage tests were run to examine the effects �
that drainage length, slope, hydraulic conductiv~ty and depth of satu:-ation have �
on the lateral drainage rate. "!"he drainage results wer~ compar~d with HELP modei �
predictions .:?nd nui:ier i cal solutions of the Boussinesq equation for unsteady, �
unconfined fl ow through PONUS media. �
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