
f-0\...ro 
TA-1 
C<o 
ce12.-51-11 

eAf·~ 

•• ,i HJ/ · 
Lnto~ADo 'JAT ~ 

IORJ • . ' t JN/VERSI 
'•lll.l IN ''''L • . , vv ORAOQ 

DIFFICULTIES IN SOME FIELD WTHODS OF 
MEASURING HYDRAULIC CONDUCTIVITY 

g 
G ,.. 

by ~ 
t:".:. ·-
c..:, - C: 
(t:l 

I ..fl 
R. William Nelson ..... ..... :.Cl 

;:> :1> -. ~ ~ ,,, 
~ c:; 

:.::. u: 
:z -..: _. 
f"• 

~ .~ 
I -c. 

CER57RWN-ARRll 



MASTER . FILE c~er, 
1....} 

DIFFICULTIES I'-I SOME FIELD METHODS OF 
M&ASURBG HYDRAULIC co:IDUCTIVITY1 

by 

R. William lelson
2 

In recent years considerable emphasis has been placed upon 

rational approaches to drainage design. Imperative to any rational 

approach is the development and utilization of measurement methods to 

determine the magnitude of acting variables. Hydraulic conductivity 

being one of the more important factors has received considerable 

attention. However, with the exception of pumping tosts, only during 

the past decade mve in situ measurements based upon sou..'1d potential 

theory been propooed. 

Tho inherent variability of 60ils along with the wide range 

or hydraulic conductivities found poses serious problems in defining 

adequate measurement. Various investigators have reported values of 

hydraulic conductivity from less than 0.001 in. per hour to over 1000 

in. per hour. This represents a rela tive range of one to a million. 

Essentially any method of measurement is positioning transmitting ability 

of a soil on this scale. It may be asked, how close must one position 

a particular soil on a scale of one to a million? Obviously as close as 

l Contribution from the u. s. Department of Agriculture, Agricultural 
Research Service. 

2 Drainage Engineer, Western Soil and Water Mamgemont Section, Soil 
and Water Conservation Research Branch, Agricultural Research Service, ~ 
U. s. Depar~nent of Agriculture. 
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possible. Uowever, usually an the precision increases, so does the 

expenditure or time and money. Whether or not this additional expendi

ture can be Justified depends upon the manner in ~hich the measurement 

is to be used. If five or six measurements on a small segment or the 

area is the basis of design for an entire area , then more precision 

ie required and more time can be justified in getting greater accuracy. 
I 

On the other band, if many measurements are averaged or used only in a 
qualitative sense, then much less precision and accordingly less time · 

in getting values can be justified. 

The witer•s interest is in more precision in measurement 

since work is currently under way which indicates that po.ssibly a 

detailed knouledge of hydraulic conductivity on a small area can be 

rationally extended to the larger problem area without assu.t1ing soil 

uniformity. Accordingly, the purpose of this study was to exmnine 

the reproducibility of four field methods of measuring hydraulic 

conductivity. making particular note of possible causes of measurement 

inadequacies. As indicated previously, the accuracy required depends 

upon the use to which the measurement is to be put. Accordingly, the 

decision of method adequacy must be left completely to the judgment of 

the individual investigator to be used as seen fit. 

Procedure 

Hydraulic conductivity measurements yere made by four methods 

in the laminated lacuoterine sub-soils which characteristically underlay 

.· . i 
l 
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"' ' ~·, 
the agricultural area between Marsing and Jfomed~le, Idaho. The 

6Ub-soil is a silt loam, platty structure with some cracks between 

the plates. A less pervious ttrnta ,.,.as fotmd at a depth of from 

10.5 to 12 ft e.pparently of the same texture but of massive structure. 

During the observations, the depth to water table vas recorded 

continuously and remained relatively constant at 5.5 t-0 6 rt. 

Treatments Ill.'.lde up of four measurement methods of hydraulic 

conductivity were laid out in a randomized block design to allow nine 

replications. The measurement locations were spaced at 10 ft intervals 

making the over-all dimensions of the experimenttl site 50 x 50 rt. 

Originally the four nethods used included the 1 in. and 4 in. piezome ter, 

auger hole, and 2-hole methods. Because of difficulties in obtaining 

reliable data \lith the 1 in. piezometer1 .and the auger hole2 methods, 

only the 4 in. piezomater and 2-hole methods can be discussed with 
d eo;~ei::, 

an adequaterpf 1ieiiance. 

1 Tae rate of inflow to a piezometer cav1.ty increases approxiniately 
linearily Yith its diameter d, yet the storage volume in t he 
pipe depends upon the area (proportional to d2) as well as the 
rate of rise. Accordingly in highly p0rvious soils, rates of 
water level change can be diminished by incrm.1.sing the piezometer 
diameter. The rate of rise in the 1 i n. piezometer WUH too rapid 
for good measurement accuracy vhere as the 4 in.did allow good 
measurement which ie consistent with the above reasoning. 

2 Water flowed into the auger holo so rapidly that either continuous 
pumping was required thereby obviously invalidating the assumptions 
of a level water table; or if the hols was simply b~iled the rate 
of recovering was so rapid th~t increments of head change per unit 
time were difficult to measure accurately. Complete data. is 
available rosed upon the second case. However, it is not believed 
reliable enough to allov dil·ect comparison • 

. . 

l 
• I 
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· A length of 4 j_n. a.luminum irrigation pipe "Was al ternu tely 

augered and driven to the desil·ed depth below the water t-3.ble. Cavities 

of about J.62 in. in diameter and from 4 to 6 in. long were augered 

below the bottom of the aluminU.'ll pipe. After pumping the water from 

the piezometer several times to help clean the soil pores, water was 

raised inside the pipe thereby causing flow from the cavity into the 

surrounding soil. 1 'l'wo stop watches and _an electrical depth gage . 

were used to -measure the rate of fall of tho free ~.rater surface in 

the pipe. 

T'ne ru te or free full was convarted to standard uni ts of 

hydraulic conductivity through -the equation for this cane as dprived 

by Kirkham (4), namely: 

Let H0 = Hi vhen t1 = o, then Eq l can be written as 

H2 
K = ~ .<-lfiS} 

E t2 

or in general form 

H 

K. = :Ir:r·2 ln. ~ 
E t 

(1) 

(2) 

1 Curvi ture like th.at shown in figure /, l was found by R. R. Hora 
(Personal Coi:nnunicution, 1956) for the case of wtev flowing 
from the soil into the piezometer cavity. 
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where K = hydraulic conductivity of soil (L/T) 

· 2r- = inside diameter . of p1.ozometer (L) 

time. 

H = e£fective he~d in piezometer at any time t (L) 

H0 = effective head in piezometer when t = 0 (L) 

t = elapsed time since H = rlo 

ln = natural logarithm 

E = shape or geometric factor (originally this 
was called the A-fu.."lction, however, Kirkham 
bas suggested changing it to Fr-function 
since the tendency to ca.11 it an area function 

(T) 

.is misleading.) · (L) 

Subscripts 1 and 2 specify related valuas of head and 

Figure l is a plot of the logarithm of head ratios against 

time for the observations for this method. A plot utilizing the 

head ratio has the advantage of allowing the direct comparison of 

consecutive observ!l.tion even if the initial heads a.re at slightly 

diff~rent levels. On semi-log paper this plot of head ratios 

against time i.rill be a straight 11.ne, of which 1;,he slope ti:mesa 

constant is hydraulic conductivity, if the conditions assu..mod in 

deriving the measurement equation are met. Some of the curves 

in Fig. 1 are not linear and with successive observations at a 

given location the curve migrates. Since the observations were 

made in the field, adequate control could not be exercised to 

separate with certainty various f actors. Thus, only clues are 
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available as to which causes or error ar:-o.cting. The following 
. 

are possible causes or diaagree:nent between the experimental results 

and the theory: 

Possible Causes of Non-iinearitv: ------ --- - -------
1. Curvature could be cauued b¥ the t endency for a 

vater mound to develop near the piezometer, thereby 

causing deviations from the a:::wumed condition of a_ 

level watc:; r fable. Y.irkham. and Van Bavel (5) ll3.Ve 

sho\.m analytic!:dly us i ng r easonable V"dlues that this 
. . 

inconsistency is of only minor importance in the 

auger hole method and it would be expected to be 

even less important in t he piezometer method. 

How.aver, Reeve and Kirkham (7) pointed out that 

vertical ~hannels in tho soil may accentQ~te this · 

: problem. Kadir (J) attributed most of the curvature 

to ~his moUi,ding effect. 

2. Closely related to t he previous i tem is the possibi

lity of energy being dissipated due to unsaturated 

flow above the water tabla. _During one observation 

smll dus t clouds appeared at the uoil surface 

indicating that air was being displaced -aroun~~ the 

piezometer. 

3. Leakage along the conduit wall rr:.ay occur. 

4. Darcy's l aw may not adequately describe the flow 

which could ba turbulent through the fissures in 

this soil. 
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5. Curvature lll.9.Y be caused by deposition of sediment 

suspended in the Yater which tends to clog pores and 

channela as the water moves from the cavity into 

the soil.1 

i. Air bubbles may exist below the wter t9.ble which 

wuld change volume depending upon the head applied, 

t,ossible Causes£! Curve Migration 

1 

1. Curve ndgration mn.y be an interaciiion with the 

characteristic non-linearity described in the previous 

topic. This would assume little or no migration 

would Qccur if the time-head ratio plot were a 

straight line. 

2. The cavity changes shape as successive tests aro 

made, accordingly the geometry factor or E-function 

increases so the apparent observed hydraulic conducti

vity increases. 

3,. The hydraulic conductivity actua.~y increases since 

the soil fines are washed into the cavity with 

successive runs. This would nec~ssarily assume that 

the decrease in hydraulic conductivity due to the 

accumulation of fines in the bottom of the cavity 

would be much less than the increase. due to their 

leiiving the acquif er. 

This is not very likely in view of the clogging data presented 
later in connection with Childs' 2-hole method since such. a small 
volume, less than 1 rt3, of water fiowed during an observation. 

~·· 

. t, , 
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4. A thin film on the ~.avity ~,all caused by fo1"!D.ing 

the cavity may gradually be removed, thereby increasing . 

the hydraulic conductivity as successive measurements 

are made. This is ra ther unlikely ainco the wall was 

pumped continuounly for e.n extended length of time 

prior to measurement. Kirkham (4) in theoretical 
'· 

considerations indicates this to cause :cax'.il1lum errors 

or 5 to 8%. 

In this group of possibilities, two types of changes are 

apparent. 'Iype 1 is an irreversible coo.nee, for exrunple, if one _ 

side of the soil cavity uera to collapse, any effect it ha.d would 

be permanent. In contrast, Tt;pe 2 would be those ~,here variations 

are raversible. Keeping these two possibil:i.tj_es in min:d, consider 

the successive mea.su.rements m._q_de at Ro,,_, l,· Cohunn 3 in Fig. 1, 

which shows the widest deviationsof all of the da.ta t9.ken. 

Observa tions No. l through No. 10 for Row 1, Column .3 

in Fig. 1 in general f alls into two distinct cl~sses, the first 

group n.~da up of observa tions 1, 5, 7 and 9 and the second group 

co!nposed of Nos . 2 1 4, 6 and 10 with No. 3 falling :midway between 

the two groups. Difference3 between the groups correspond in every 

' case with the initial height from which the water l evel in the pipe 

was allowed to fall. 
·t 

For group one the lni tial height was approYJ.-

mately twice that for group two while the initial .height for 

observation No • .3 was about midway between the previous t-wo groupf;,. 
-, 1 

'I - l . 
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The re.maining observ-<1 tion Nos. 11, 12, 14 and 15 makes up a group 

in which the initial head was low where as for observ:i tions Nos. 16, 

17 and 181 had approximately twice t hat of the lo-w group. If the 

latter group of observntion Nos. 11 through 1$1 are plotted on a 

separate sheet of paper, then placed over observntion Nos. 1 through 

10, rotating it slightly, it is seen that they repreRent essentially 

the sa.'1:e family of curves. This would indicate a distinct change 

between observa iion ~k>s. 10 and 11 and apparently once the changa 
I 

occurred t here was no tendency to return to the originai condition. 

Since this was the only irreversible change e~countered in all 

or the observations, there is conoiderable doubt tho. t Item 5 under 

•Possible C-!luses or Non-lineal'ityn nnd Items 2, 3, and 4 under 

•Possible Causes of Curve Migrutionn are tho en.uses of devia tions 

from theory. 
,, 

Returning to the discussion of Row l, Column 3, we still 

need ~n explanation for the effect or initial head which may be 

acting independently of the migr~tion. 

Careful consideration of the r emaining possibilities 

for disagreement of the exper1.ment9.l do. ta 'With theory as previously 

listed, rave..'lls that each item fallo into one of two ca.tagories , 

either the F.-function is altered or affected or the hydraulic 

conductivity is changed. 
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llthough it is impossible _to explicitly separate these 

tuo catagoriee in the da ta at hand, perho.ps by further consideri:r..g 

these t'wo larger group", indica tions cun be fom:d concerning 1,1hich 

is the gre!tt~r of the two effects acting. 

If Eq 2 iv rearranged to t he form 

H 
KE =-:!!.F2 ln Ho -

t (3) 
-It is apparent t ha t if the hydraulic conductivity K and the geometry 

factol' E a re true connfo.nts <'!. S a s sumed, the product of the two a.lso 

JnUst be a constant, thereby requiring the right hand member of Eq 3 

to be n constant. Plotting head (H) a.s abscissn and the product of 

K, and E ns determined from Eq J as ord:tnate, the curva ahould 

be a struight line parallel to the horizontal axis if K and E 

ara constants . Ficure 2 ls such o. plot and it is seon th~-1.t the 

product or hyd.rauJ.ic conductivity and the geometry factor is 

depe-ndeti.t both upon head and on t he initial height from which the 

obsorv-1tion started. Since t hio product change~ with head, either 
, 

the geom.et~ factor or hydrau11.c conductivity mus t be related to 

head. Assurn:e for the moment that E is a crmstant and that all 

the effec; in Fig. 211s due to K V'a rying. 

-----·-----1 
Consider:1 ticn of R plot like fi gure 2 will i ndicate where the 
theory i s r.1ost nearly approcched; thereby e:.u:ggest:ing \ihat part 
of t h9 curve a.s in figure 1 should be used to calculate a most 
represent.-J.tivo hydraulic conductivity. 
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...... 

'i'f..ds essentially would require (item 4 under "Posi:;ible 

Causes of Uon-linearity) hydraulic conductivity K to change by 

passing from. the turbulent flow range at the initially high head 

to la!ainar fl-ow at a lov1er head later during ths observation. If ·we 

take a:1 eqUlii.l incre:aent or head change (equal energy appliecl) in 

both turbulent a.11d laminar flow, more now \Jill occur in the lo.minar 

range than :lu the turbulent. T'nerefore, if we use De.rcy's 1a,,,, to 

describe flow in the turbulent l'a.nge, th:i.s observed K would be 

less th.'.ln the K in the laminar 1oange. Accordingly, in going from 

a high head in the pipe (turbulent flow) to a low head (laminar 

flow) the hydraulic conductivity K rnwt increase. Then if 3 

remains consta:rt as assu-ned, tho product KE would increase as 

the head decreased. Returning to Fig. 2 it is seen that as hood 

decreases ths product of KE decreases 1• 'l'herefore, E in most 

1 the plot .for KE and head such as in Fig• 2 will have a positive 
slope for each observation shown in Fig. 1, whlch curves up'W3.rd 
or has positive value for the rate of change of slope (i.a. 

H . H 
g~ (J,...n no.-L is po si ti ve); If in Fig. l ~: {ln Tio_) = 0 vhich 

d~ - dt2 
Rl 

d 11n rro-, -- c 1 i::>· 1> th required ~ constant see Row 3, Colu111n , L'l.g. , .en 
dt 

for a plot :as in Fig. 2 KE 'Would be a constant and the theory is 
satisfied completely. 

H 
When £l! n .Ho, ) -becomes neg.rit.ive as for Row 1 1 Column 1 in Fig. l 

dt;2 
a negative :elope occurs in a plot like Fig. 2 ther~by indicating t hat 
K is causing the greater affect on KE. J.n considering Row 1, 
Colw..r1 1 in this manner, 1 t should bo born in mind tha t e,q10rimental 
technique could hiJ.Ve caused the negat:i.ve change in elope. 
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cases show i n Fig. 1 .bus overcome any affect K ~ould have caused 

in the ·product of Kand E. 

'l'l1is result essentially points to the greater error effect 

being in E and suggests p~rhn.ps a combination of Items 1 and 2 

listed under 11.Por,s:lbl 9 Causes of non-linearity" above, 11~ely: the 

development ·or a w ter rr.ound and posdbly closely a.s::ociated is 

flow in the unsaturated z:ing above the phreatic surface. 

Kirkha.."11 (4) hns sho'l>m th:'.1 t the shape of equipotentials 

and stro&~lines (accordingly E) surrounding the Fiezom~ter c~vity 

is indepe:ident of the head 5.nside t he pipe for s level water table. 

This i s the rose and by a like method, it can be shown that for 

any atoody s tate i::hape of vater .table, the configura tionr, of 

equ.ipotentials nnd strea."n.lines wnl be :lnde;,endent of he1.d . However, 

in the det..4il conddero.tion of' the menfJurement of Row 1 1 Colur,n 3, 

and in Fig. 2, 1-t was found that the initial head did affect the 

slope of the heat ratio-time plot. Further in ever-f ca1.;e, save - , 

one , o.fter it was realized tmt initi.al he.'.ld h'ld an effect 1 it 

was fo·md that the higher the ini tfa.l heud the fla tter the ;;;lope 

of the head r atio-tine plot. The difficulty is t h~t a steady 

state condition does not exbt. The wute.r ~1ble shape goes throuf:$h 

e. cycle from a level wate.r 'ki.ble jus t before flow starts (cor,di tion 

or high heacl), then as head in the pipe drops, a ~,a.ter moand 

1 While conducting the firs t threa measurement s , it ·wa s not r ealized 
that the initial head affected t he observed hydraulic conductivity. 
On the third measurem~nt tho initial heud effect was noted so 
flUbsequent data included thia inf or.mation. 

~ ,-

... 
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gradually builds up and someth1e l('.t!Jr as the head dim.1.nishes, the 

mound begins to recede towar<l the level water fable agai~. For this 

nan-steady state condition, necossarily the shape of equl1,ot·3ntials 

and etreaml:inen, therefore E, wuld change as the mound gre\J and 

then receded~ Since t he mound development is dependent upon _the 

head in the pipe t hen E also is d'3pendent on head and prob:ably 

provides an ex-_pla.."la tioa for the greatest effect shown in Fig. 2. 

Tite two-hole method was u~ed on the Churchill sits wi~h 

3 ft between the two auger holes of about J.62 in. diumeters. Both 

of the holes penetra ted to the les~ pervious h ,.yer at a depth of 

10.5 to 12 rt. A small pump driven by a ~as engine pum;:ed wqter 

out of one b-:>le and into the second t hereb. 0 crea ting a difference 

of water levels in the tw auzer holes of fx·om 0.25 to o. 7 i't. 

Head differences o.f this ainount wore large enough to allow rcasouable 

precision i n me3surement :ind yet ~ot enough to cause undu3 flow 

above the original equilibrium water l ovel. No liners of gravel 

or screen wore used on this ~t 11dy. Tht;?se obserw.tions yer'3 reduced 

to urdt value s of hydraulic conductivity by utllizing the eq1J.ations 

presented b~ Childs (1), na~ely: 

(4) 
\· 

vhere cosh -1 9-
F-= ____ 2_r_ 

7t 
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K = hydraulic conductivity (r/T) 

Q = vol;.mie of' vatcr being ci:cc;.;1a t ed per unit time (L3/T) 

L) h :: diff'orence 1.n head in t wo auger holes (L) 

1 = length or auger hole~ belo,,r the equilibrium 
vator sur.face (L) 

d = canter to center distance between auger holes (L) 

2r = diameter of auger holes (L) 

F = geometry or shape f a ctor (dlr:lonsionle ~·z) 

On preliminary wrk befor e the n1nin observo.. tions were 

me.de, it was found i mpossible to ge t a constant flow betw~en the 

pair of holes simply by using a valve on the disch:.lrge side of t he 

pump. Accordingly. n five gallon open top bucke t vith floa t valve 

and a short hose i n t he buckot bottom ser vad as a con~tant level 

reservoir, The discharge could be changed by rai3ing or lowerJng 

the reservoir l evel with respect to t he outlet ond of the dischar ge 

hose.. Pore clogging dif1'.:l.culties resulted if t he water \.'as pumped 

dil·e ctly into the receiving auger hole. 1'nis was overcome by 

directing the wt.er down a 2 in. pipe to below the water ;;:urf8.ce 

then outward t hrouzh several st/)8_11 holes. 

Wa ter \!as circub. t ed for appro;tlm.:: t ely three times as 

long as was usually required for a stoc!cly stn.te condition to be 

approached. 'l'he r e sul tif.\g curve i,hovm in Fig. 3 f alls into tlu·0e 

general zones , Zone 1 represents the tra.ndent cond:i.tion in ap}:roaching 

the steady state condition found in Zone 2. In Zone J the conduct-anoa 

~ '· 



-15-

(discharge per unit difference in head ) decreases practically linearly 

with the c umulative quantit1 or ·wa t c1· circul~ted. It, ia believed 

the decrease w.s caus~d by the accumulation of suspended material 

in the soil pores. · 

. Such poro clozglng rootricts the numb-sr of observations 

to one or two at a location. Subsequent to the taking of this data, 

Kirkh~'ll euggestod YID t might be called a 4-hole oethod which would 
' 

overcoos the dirficulty found in pore clogging (6). 13-'J placing 

two holes between the initial ~ir the g~adicnt can be observed 

independent of the clogging ZL"ld sluffing occurring in the oute1· holes . 

As vill be discussed later, Kir khari •s idea may have much more merit 

than Just to a1J.e·1iate the sediment problem. 

F-function 1£?.der:tU.9.cle~ 

The F-f'unction 1 used by Childs is basod upon Smytha '1o (8) 

derivation for t he capac.itance between two circular conductors in 

the segment i solated when t~.ro parallel planes of infinite extent 

cut the conductors ~t right angles2, 

It is further assumed that the apace isolated has unlform 

dielectric properties a.nd is of infinite areal extent. If those 

conditions are t::et and a charge , q, is placed on one conductor, 

- ------
1 A diff'erentlation has been made botween the shape factor E used 

for the pie zom.eter method t>.nd F, the geometry factor or function 
for t he 2-hole method . Thia would seem desirable since E contains 
a length pal.'ametor where as F is dimensionless . The analogous 
expression :for E _ in the 2-hole method would be l/F. 

2 Isolated as used here requires the exclusion of all other charge 
sources f rom the enclosed space except t he charge found upon tne 
two conductors. 

~·· 
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the equilibrium charge on the second conductor ~ill be - q. Ta.king 

these conditions to the ano.lagous physical quantities in the soil 

wator aysta~, the follov.ing conditions must be met respectively: 

l. The \later t9.ble nnd impervious layer must be 

horizontal {i.e. perpendicular to the ho~e$ ) and 

the only hydraulic gr<-l.dient present must be tha t 

between the two holes. · 

2. · The hydraulic conductivity of the zone bounded 

by the \later table and impervio1.1s l ayer must be 

uniform {requires homogeneous material ). 

Essentially then itmust be nssurued, in order to matherra

tically deter-mine the shape factor F, that tho water t ~bls is a 

plane surface which cannot explicitly bot.he case by the very nature 

of the procedure of rulsing the water l ovel in one veil while 

lowering it in the other to induce flow. P\1rther unsaturated flow 
Cc-,._, Q,z_ 

above the water table is not coneidered. · Considering Items 1 and 

2 above, it is evident tha t if the increase in water levol in one 

hole does not equal the decrease . i n the ~econd 1 then the assumption 

of uniform material is not met. Figure 4 is a bar graph of the 

relative magnitude of head increase to decrease for tho observations 

ma.de. 1 It i s apparent tb.s.t in only one ca~e did they approach 

-----·----
1 This type of difficulty ,m.r; perhaps the cause of the discrepancy 

mentioned ne.c-u- the end of Chiltls (2) paper. 

:!!". 
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equality, therefore, these deviations could be attributed to non

uniformities in hydraulic conductivities.:. The possibility of pore 

clogging caasing some of the cases of higher riE-e than fall should 

not be ov~r1ooked. Yet it is also noted tm t 1.n several cases the 

. fall exceeded the rise considerably, a case which would not be 

expected to be caus0d by pore clogging. 

Since the difference in the absolute value or the riso 

and fall at the t~o holes is a result of heterogeneity of hydraulic 

conductiviq in the sampled soil mass, this difference is a. maasure 

of soil varlt.-1.bili ty. Considering further the data at hand, there 

are deviations at only two points (the 2-holes). ReasoniilJly then, 

the volume ~ampled can be broken only into two different values 

of hydra.ulie conductivity; vhere as the pos sibility exists for 

an infinite ;number~ of combinat,ions of portions of the entire s-~unple 

voli~e and rel.a ti ve hydraulic conductivities which cou.ld give the 

composito rr.,~ ult as witnessed by diffe1·ences in water levelo between 

holes. The max:Luum hydraulic conducti vi·~y based. on two different 

'Vll1U·3B in U.ae system "Would result when the volume sampled was 
. . ~ 

assumed to be made up of an impermeable part and a permeable part .... 

As "1ould h3 expected, values for this limiting case tended to over-

emphasize d~fferences. 

---------, It should be not ed tr.at essentially the same s.ssuroptions of :;oil 
unif'onni ~y are usod in deriving the equationi.:i for the piezometer 
mat.hod d.!scus ::;ed -e'.lrli0r. Although the observation sequence of 
the piezometer me thod does not allow dil·ect observa tions of this 
eource or error, the possibility of this introducing discrepa~cies 
should not be ove rlooked. 

2 &-function for t his case has been detem .. ined for two combin:i.tions 
of hole sizes and spacings. 
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The hydraulic conductivity found in the field with two 

observc1 tion points lies be-tween the louGr lL"'li t of asE;u.m.ing a 

u.'lif o.nn soil and th~ uppc,r limit !"oun.d when the samplad -volume ia 

divided into a ;~rvious part and the r~ainder is considered 

impervious. This a~surecs that pora clo; glng has not been the cause 

of differen.eeo bet'.Jocn rise and fall in the two o.uger holes. 

f.irkhum's ~uggc~tion to utilize ob~3rv;.~tions of wntar levals in 

hole::i place-.:! between the p;iir vlrlJh vatJr ls being circulated 

betwssn, would seem to cvci·co;;-,e the pora clogging problem. Addi

tior~al obse£'va ticn holes could be us~d to indic-::;. te 1.;;oil variablli ty 

equally as .sell as the original pair. 

Meaeure:i:ont of Soil Anisotroni 
~ Di.ff er~Urul§. -

Combination of the 2-hole met.hod and piezometer 1113thod 

to obtain es timates of anlsotropy ·with J;'espect to hydraulic 

conductivity in the vertic::11 and ho:i. .. izontdl pla nes w1as proposed 

by Childs {l.). Cbserva tions of this soil seam to 1ndica te f.o 

~ucl: natural variability that moving over even vsry short dist9:r:ces 

\lould involve the hazardous ass1.P.i1ption of unifo1~:n1 ty. Accordingly, 

attributi.ng the dlfferences bet.,1een a piezoJ;ie tt:r obsorva tion and 

a twc well debrmin'l tion even vhen r;paced clossly is certainly 

open to question. If one ,m.nted to use this approach it is 

believed n:;ea£uremen.t vi th t.he piGzometer :method. sho1.tld be rP..ade 

t'il·st, then tha casing removed, and "tho cavity ext ~nded to 1:.:e 1.u:;ad 
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for one of the t •.ro wells in the 2-hole method. Only then could it 

be justified and even in t his case perh~pe the fea~ibility should 

be questioned. 

Piezomet~r Mathod 

Weaknesses: 

1. Cavities cannot be observed uo predicting :&-function 

from cavity shapes i nvolv~;s s.sstunption concerning 

their true shape. 

2. The falline; head rn~surement in some soiJ.;3 causes 

a non-s t eady state flov probl em for which adequate 

geoL1etry f a ctors (E-ftl!lcti on ) are not ava ilable. 

J. Sfl'.allor voh unes of soil t0anipled than is often desired. 

It• No indica tions ca n be had of. variability in the 

soil m€1. ss · r,arapl ed. 

Advun ta .;;es: 

l. A mini mun1 of equipment is r equired for de t er mina tions. 

2. Only modera te expenditure of time r equired. 

Two-hole lbt h.od 

Weaknes~es: 

1. Auger hole shapes ca;rnot be observed eo predicting 

F-functionz from their size involves a.ssu..'111., tions 

,. concerning their true shapes &nd degree of pore 

clogcing. 

~·-



2. F-functions presently available are not able to 

consider pertu-rbr,tfon of the water level aro;!.'l'ld 

holes not tmsatura t ed flow above th,~ eaturated 

eu.rface. 

). F-function pr asently a.s~ iliil ('}S i mpervious l ayer 

at bottom or hol =; s or r a t her exteFsiva a rsun,ptions 

are r e1:1uired to EH~count for p1rtial penetra t ion. 

4. IJ.lrger soil nisces r~npl e c.1. would be clesirtll)lo. 

5, El.~borc.te eq_uipj:nnt and rni:-re t faia i s r -Bquired 

per measurenent, 

Advantages (al t l:ouzh no t orizfoally proposed , c .. 1; o ble 

of' attai.nment ) 

1. Pore c1oggi.ne dlfflculty c:::i.n be ove:r-ccme by utilizing 

Kirkh-:.m•s pr-oposal. · 

2. 'I'h:ts t ype of ep;irca co ,illows an E.' s tirra te of soil 

ve.riabili ty providi ng a dd i tional effort is used 

in obtaining head 1rreasurements . 

J. Since a.n er- t im'.3,te of ~oil vnriabilitJ is obt..::tinable 

wch lnrger 3<:!Dlpl os could be expected to be 

r~tionally exru.nin8d , 

Conclusi om: 

Soila a.re certainly to bo ex-pcct~'<l to be · extremely 

variable insofar o.s hyd.ruulic co?'lductivity is concerned. 

Experience i ndica t es high expected variation in terms of pe1 .. 

~ ,-

... . , 
' ., \. 

. IA"-



-21-

cent of mean value from measv.rement methods. However, the 

manner in which th~ measuremant is to be used, dicfates the 

a.ccur,).cy required and theref ore the a.mount of time and effort 

vM.ch C9.n be justified in obtaining precision, 

With these ideas in wJnd1 the observutiono and diffi

culties found in utilizing the piezometer and 2-hole mBthod 

in e. structured soil have been 11iscussed. Detailed considera

tion was tel t necessary since th,s possibili t ios of several 

factors actlng is always fo1md in field work. The primary 

difficulty piezometer method seems to be in the 

E-function not bein,.J a true constan.t due to the non-r.trody 

condition nssocia ted with Yater fa.ble mou::1dlng around the 

piezometer. Closely related is the multiplicity cf clogging 

and r.luffing factors Yhich l~~y introduce error. The two-hole 

method suffers similarly with function difficulties, pore 

clogging snd other discrepancies in aueer hole shape, Kirld1am•s 

suggestion for observinJ head extEirior to the wells between 

vhich water ls being circulated proba.bly would overcome pore 

clogging. Since being a steady st..~te condition, this method 

allows observ itio11 of hea d out in the sampled soil rua.ss, therefore, 

indications and possibly functions can be found to yield 

expressions to consider the effect or eoil variability on 

geometry factors . If varia.biJ.ity functions are obtained, 

much larger volume of soil can be e:xan1i11ed r a tionalJ.y without 

hazardous a ssumptions of soil uniformity. 

. J 
' 
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From the vea.knes ses and. strong points of these two 

. methods, the writer envisions what might he called a double 

trench or parallel pit method f'or me~su.ring hydraulic conduc

tivity. Wator could lY.1 c.!rculatud at a t,teady rate betw-een 

two parallel pit.s penetrating below the water table. Cavity 

or tri;;nch shapes could be deter:dned as accur.::.toly as desired 

by com.rnon 1.,urveyir1g procedures. Non-uni.!'orr.rl. tics in the much 

hlrger soil rr.a6s could be c~msidernd by utilizing piezori:ieters 

piezoma t er locs.tdon. Pore clozzing C.:l11 bo overc,:m.e by utillzing 

the piezomaters or obsarva tio.11 well n ·J .... ,sd for he;:;.d meas~ren,:mt6. 

Although th") pror~os (.Jd r:i,s tr.od would proh1bly be unsat~zfactory 

in mterio.ls w:1ich t end to sloa0h , it t houlcl wcrk well ln 

cobble rm,. stony solls . St..'l.rnlard c-1;..:c.·wation equip;;10nt couJ.d 

be usecl to conshu~t n0ces1;;ary tr8;1chs tbor.; by reducing the 
!Y. ·). y 

coot oi' i.n~tallation . It F Y1:U.tl r equ:i.r~ a gr ea t .::r e:x1,;e1:;diture 

in time aud effort, ;"·e t in t.M.6 ~;rit~r's 01-1inionJ it would fill 

-< • 

. . . 
I 

I - 1 t 
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