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Abstract 

The dissertation concerns hydrological .?!or17 carried 

out on a raised pest bog in the :Torth Eastern Highlands of 

Scotland. Subjects dealt 9ith are the instrumentation of the 

catchment with -!■ater leval recorders, instrumnts for recording - 

evaporation and the associated meteoroloical pa,2ametars te 

act aa a backgrcund t en invesiation of methods for the 

estimation cf 	hy:Iraulic conductivity of paat. 

Mathods used nere the auger hold etLod (Kirkham and 

van Davel 1943), ue seapags tube method (kirkham 1945) and the 

constant head permeameter method. 

Initisl rosults indicated that the apcarent value 

of hydraulic conductivity varied in an unexmected manner. 

Further experimorts confirmed the variations and sholed that 

they cocurrzt: in rasponse to variations of hydreulic greient. 

The manner in eich the varitions occurrad e taken 

to indicate that they occurred in responso to altrations of 

some mroperty of the pat vhich mi;ht affect th s minner in 

vhich Darcy':3 La w cperates. 
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NOTATION 

Each symbol is defined only when first encountered 

Sliape.factor 

:icceleration; radial dimension of a well 	 LT
-2

; L 

Coefficient 

Deipth of well 

Dision of force 	 MLT-2 

Gravit -Itional acceleration 	 LT-2 

1 n 
Z1P-ctrical current (ampe2e) 	 -2-m2LoT 

Yeight:;otential hycira.ulic head 	 • L 

nydr:ulic conductivity 	 L
1„-1 

Intrinsic sou l permeability 	 7 2 

Lerrn 

M7..ss 

N: integer; censtant of proportionality 	 - 
n: 	Porosiy 	 - 
P: e-irnulic --yre,s73ure 	 ML-Y2 
Q: 2)i,-z::„Drgct 	 L3T-1 

g: 	Sr,cifie fia:: . 	 LT-1 

R: :lectrical resistance 	 )2 LT-1  
I: 	Radiu; r.T.ial -  distance in cylindrical co-ordinats 	 L 
S: SI:are factor (diensionloss uniess otherwise stated) 	 - : 
s: 	Cross sectional arca; co-ordinae disance on 7 e-,zis ta 

imprmeable barror 72 ; L 

LT-1  
1  ;Ir  T V2ni" 2 2-.  

LT-1 
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• Transformation coefficients 

Inctement; difference 

: 	Increment;.difference 

Angle; phase difference 

: Transformed cn .;;esian axes corresponding ta 	and z  axes 

-1 .4 Dynzmic viscosity 	 ML T • 

Mass c:eusity 	 ML 

5: 	Symbol - for Sun 	 - 

e- : Elece:rical conductivity 	 -1
L-2T 

7- : Sncar stress in the fluid 	 ML-1T-2  

KØ 	elocity 2otential in uniform sous 	 L2T-2 

2:_14 )D 	piezonatric head or potential 

P.enolds nu:aber .-ith respect ta -pore diameter 

Subscri-ots 

inertial 	2c3istive; driving 

Fumbers 

Porous 

FlorizontU 

VerticEa 

rirectional conents 
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530TIOTi 1.1 

r-›,e 	 Behaviour of Peut Covered Catohments 

1.1.(i) 	Introduction 

Peat is an organic sou l medium i'ormed by the incomplete 

decomposition of plant residues. The resul -L_ng deposits are 

commonly described as mires. 

The effect which mires exert upon the #7drology of an erea 

i3 uncertain, and it is suggested that this is due to an ignorance of 

the f nd.az.entalnrocesses occurring in them. The process with which 

this thesis is primarily concerned is the subesurface seepage of 

water through peat. 

1.1 (il) Previous investigations into the hydrolov of neat covered 

catehments 

Conway and Uiliar (1960) investigated the hydrological 

behaviour of four small peat covered catchments on the up.per reaches 

of the lUver Tees cctchelent ara. The; measurai the total discharge 

of rater from the catchmeuts (the'runoff and -_:he rain2all oc. them. 

Two of the area iere traversed by artificial drainage 

ditches seaced e:t aroroximately twenty yard iatervals, anc:j._ one of them 

had, in ee:dition, an ee;tensive networl: of natural derdrojA drains 

sharing a mutual out2all with the arti2icially drained section. The 

surface of tus area ha becn burnt 2rio' to the investigations. ef 

the two ren.aining catchments, one.had a natural net:;ork of drainage 

ditches extending well into the mire, whilst the oth-er ras drained 

by one natural channel only. This area was considered te approximate 

ta an active undisturbed mire. 

It was l'ound that the latter area could receive and stcre 

as much as 6" ef rej_nfaU. In contrast the intensively drained areas had 



ve-cy little caoacity to store the rainfall. Thus river discherge from 

a Arained aree gave rf_se to 	early and hie;h eeLk flcw. On the other 

1-rnd, the stored -dater in the naturalundraineL 	covered cetchmeat 

tended to be releazed more slGwly, ana in fact zupported flow through 

dry ceriode. neburaIng had -LurnecI t.:13. surface of the mira concerned 

.into an iMeerviouà cheesy cover whAcii L.mtreeee the-eate of rtinoff. 

lUieertson, Kichelson and Eughes (1963) souht to measure the 

net innut to and. output of water (the water balance) from a 17 acre peat 

ccvered catchment. area by measuring the rainfall on to the ara,, the 

evapotranspiration oecurring from the 7egetation covering tne area, and 

the 2unoff resulting frOm the drainage of that aree. *They found that the 

evapotranepiration ,as hiphest betrsen Juile and Lligust, and that this 

effected the welter table height -.7e-lieh in turn affected the runoff from 

the area. Tree the water table was low the pat coverad area could 

abscrb end retain 2recipitation, 5_nes,iceting tee importance of the ante- 

cedent hydrological condition

7aden P.nd-Bggelsmann I 9:p4 )  weeked on :e peat co -vered catcl-ment, 

the Koniemooe, in a lc .:; rainfali are 	-Joeth ;:eetileermaij, where the 

hydrologicel behaviour of ncturel unireieed iia ce -e;e2ed ereee, and 

drained ana cultivate -I 	cevere: areas e e invJstiiate(. The reeults 

showed that the unteuehe aree had little storae capacity 7 -hereas the 

drained arca ve.s able to store and releese cloily that uater which had 

fal.Len on it. 

Lhere ie clearly a contradiction cf conelueions betwaen the 

fork in i'tin an.1  Germany. Thie may be .)artly empleined by 	(1959) 

who investigated th a effect of the snacing . and the depth of artificiel 

parellel drcdnage ditches in peat on the recultin runcff. Ditches at 

100 m. intervals hcd very little effect upon the naturel water table in 

the peat, irrespective of their deeth. c;eLerally speaking a critical ditch 



.r...7 ,cir4 of 30 m. existed. In periods of hijh rai:12..14 ditches spaced 

ioser tozether than 30 m. could receive up t) four ti.u-s as much runoff, 

orle time,as those at 10j m. spaoino, 	close s.pacings the 

• 

r .r 

depth became important. A 77 cm. denth drain 7:.:15 c -_Jable cf 

s...;.stairir:à flow throughout the seasonereas a ditch of only 46 cm. 

ied uu 	the water table fell • elow the ditch levai. 2he pattern of 

YurceZitie relationshic was considerably altered ey e'qe type of 

5-anage t/ .eatr_emt to which the mire har_ beeu subdoctca. The con- 

rese,its prJeious47 . tiuoted 	obtLiJa,1 as a result of the 

me2.surc.:.et of di:::chare from :lires at suitasle outflowa. "The measured 

=low 	dra5ned from the mire 1):: ,  ditches or t5.1e drains arranàed in 

u:e natterns, each of which «dould giv a 	to a uraLue runoff/time 

Ihe resuls were coneidered to /eflect uainI ;hose physical 

; ,:zzertie, De ti .a mirev.hich affected discharge, .Yhereas in fact theY 

✓ Iece 	combinetion of phjsical properties o2 the mire and the 

.1-ainag.e system, evolve haturaily or to -hich it h1.(1 ben suAected. 

ZP.y (1966) .,forke;'L on 3(JU: 	fore?ted 	co,-ered 

te,tohn-r.ts. in-brtherh :.annesota. FI measured the runoff and some 

'oyf.rop -Eysical propsrties c .:: the peut. 'jeter •Lsvels wcre meaeured both 

in tht, mire ani the s'Irrounin ,  iin.3re1ecil, aus"_ conclu.Jiorill were 

dra7:n 	paid attention to work on the basi 	 eroperties of 

1.)' :calter ( -19.:4). *2113 importance of re position of tho ater 

tatle, prior to nrecir-'tatior rith rosnect t water storaz was 

:iSE:. ft was pointed out that usualiy the heavy rai periods 

ccp%rred at times whch the available storaLe was éljibe anyway. 

of S-he mire was situated above the resional water table. The 

unr.J.al fivotuation in t:-.1e water table level was larger in tbis, in 

cen.:raSt to the mire where the water levels in the minerai soil and 

--= cortinucus. The water seepiné:; into the mire from the 



soil maintained a high -:iater table in that mire. ;onsequently 

less storage caoacity. Bay latar U969) coneluded that heayy 

rainf ail was reçtuired in the summer months in order tait a mesurable 

runofe resDon-se shotild occur. Outside this period the mire uas not 

ffective as astream regulator. 23ay ca.e to the conc111:3ion that sub:- 

surfnce seepage, in that mire with a perched watt:r table, did no . ; 

contribu-;e to s!treum flov: and water received from the.are.P. 	surface 

rur,off. Grair;hs showing the. relation between peal: runoff and water 

tqble heht were ,ore.sented, and ais° a graph which reveals the delay 

inter7eni1; between the centroid of volume precipitation and peak flow. 

These curves are of course specific to the particular rires chosen. 

-q.3m.lnov (1968) suggests that the movement of water across a 

covered area is largely joverned by the hydrophyical properties 

of the z-,, , rfa,-:e layer. This layer which contains the urowing plants 

Fir,fine::, es the Potive layer. Romanov drew three i:Iportunt 

7..3nclusion3 ocncernirg the hydrological investiation; of mires. 

.:'irstly, that hyrometrin me ,:sureens 02 dischc 	terminal points 

2. -1le information 3n orocess-s occurrin ir. the Mire massif 

itself and the data could rot al7lays be ex'c. - nied 	oter rire massifs. 

'For ennm;le, the total runoff from a 	 nras supporting 

•_ifferent plant associationL aould 	un 	of these areas. 

churneter of th runoff would, howevar, 	bath uzoh the ratio 

thae araas end their relative dispositions with re3pect te the 

osition at which the rrhoff was aserved. ;econdly, the hydrouhysical 

IrLcteristics of the up k.r active layer discouraged t'Ae use cf 

rneasurement methods, and thirdly, a knowledge of tha 

2e_:ationshi9 bet.•een the hydrological processes, i.e. runoff and 

, vnootrinspirntion, and the environm ,,:htal physical proorties.of peat, 

i.e. the -nerzy eychanse between the !Dent de„:osits and the atmosphere, 



indisensible for alDplyin data on runoff end &vape -ration ta othor 

ciitic regions. 

Considerin these results, it iE concluded that the. 

contradiction between the I)ritish and German findinLp is 

t'rle rosit cf the different treat.nts', i.e. drainae, ta which 

mires 71ave besn subjecteL. 

Cori : ay and :.a..a.ur (1960) pointsd c -ut the difficulty of 

th e bounderies cf tna c .2.tchuents. This being sa, it must 

,1 1D in zonerai be true that a ciifficulty exists in separatini; the 

to the obsrvd river flow due to the peat covered area 

an -=,  ta 	r3maining [u'eas in the catchuent. 

Ihe accurats inte2pretation of runoff charactoristics 

:a3uirez, a deta lad kno -zledga of the fundamental factors which, in 

co-bnation, produee the chLracteristics observe,1, and in general 

inform%tion i not available. 



' -'r7 Tr''‘i 	2 1 o.J,•,,o:», 	• 

'rhe Research Project 

It ;;as decided that a suitablo peat covered arca 7:lou1d be 

• chase. aLd iustruzent&I with a viuw ta providiL infcrm;Ation on the 

hydrology of t;:.,e area whf.ch wouid uct 	 roun . to 

studieS 

 

are specific nature. 

Idea117 measurelonts would be Iliade of river dischal-ge at 

suitPble oitfall, of evapotranspir2Gion from a suit_z.Dle area, of 

th teordoicai paraLle'cers.affectiné.; tinse relLticl-Ishi-os and of 

Tha rccpoe of th.a 7iater evels in the mire to rechuré;c or deplation. 

The SD - DifiC stuly ta be unartake:: h this author mould • 

te 	assesment of methods for tha determination of the hydraulic 

cond,Lctivity of peat, for it will be seen, althoue this is a most 

ro%—ru>rt cLatorminatads, itrl estimation 

in pet is j.tself in(;ues':ion. 



SI=IC":1 

• .:r 1Lo Ccn .oivity  

1.5 :i) 
	

"-.p si,74ficanoz; o 2.,Jdraulic conuctivity 

D...rczr (1356) eJcs_ritteutily derived.a incar r:aLtion.›hip 

i.t-,.=;;; cf flor of .:ater thrci gl 	stu :.tei bei of sand and 

--)otential ;-hich causec. 	nlain-oained ti_at flo7i. This 

L-e v.ritten- 

4e4 0 
= 1.3.1 

2à.ruatior 1.3.1 e„--plize; to the flow of vat: throu ll-n a column of 

norcus rrif,t-aral of it-neh t and cos e 	 areé,. s. Th c volu:ue 

dire-tion of L Jocurs in 	to hydraulic 

:-Iffin-Jnce 	 comùion.17 alled'the 	 ccuduetivity. 

If 	velo)ity v is ta:-en az 	aud 	h7;drulic '.-raLient-i as 

A _ e:_Lua=n 1,3.1 may bc r.,-t-trranypd thur.: 

= 
V 
	

1.3.2 

Tno 	 conuctiv-2.t7 	:YJa contancy dcpends 

	

fluid vdLc is 	conduoted and upon the 

L'Iructurs 	the raturL .ï:> the  

rrti .3 of ,atcr,relevant to this_investigatiou and 

fl.'F.-d4c. are 1.ealt with in the Uterature, 1-,çs fur e:zaLapic Cnilds 

:naptere, 	alid -".) and they ±I1 only be considerd triefly here.c. 

moleculo i. dipolar, and in -the fluid st-te this 

ir a tetrahec:.2a1 structure of four water uolecules surroundinc 

c.z.urc: 1oL. 2.t an,- instant of timc te totrahdral Jtructures 

	

tnna tc tro-auc interiockin spirals. 	opan olecular 

a7ructura -nus 	i3 respousible for manï o -;ha physical :,roperties 

af 	 For exam:s.a- init variation:. 	a remit of t:.:Ii..perture 



uhanges'are attributed to the changing molecular structure. .The 

molecular structure is also thought to be mode:Led l'y the prezence of 

-lements and comoounds v,hich Lrs readgy acceeted 	thr. fluid. Wator 

:nolecules may interact with materials with which - thef are in contact. 

For exanpie , hey may be adsorbed ento the surfac cf a solid. A 

fluid layer of many molecules thickness muy result . and this layer could 

vieil exhibit differ-mt properties fror the fluid unaffected by the 

surface. 

For flow to occur through a uorous medium th..àre must ba a 

series of interconneoted pores. The interconnected . porous structure is 

often charaoterized by the sizes of -  the indiviival 9ores. :hese may 

range froia molecular interstices, where the› voids are of the order of 

sizes of the Molecules in the porous material and the fluid, to ceverns, 

the size of . hich bear no releion to the smalicr .articles forming 

their va1l 	It - is :.;enerally thought that the size of the pores in a 

medium are much larer than the -; , onnection3 between thom throu,gh which 

the elid MUE't flow and which contriute iargelLy te the resistance te 

flow observed. ...corous medium_ 	gneral con-tain E preeortion 

of pores which are isOlated by the structPre of the particies. Thesc 

be inJ2ftctive in conductin3 iluid. 

Tho hydraulic conductivity.ma,7 vary due to anis.otropy or 

beu?..o the nediu-IL i. not riid but ib structurally affected by the 

c.enduction of fluid. It is worth noting that peat is a vers -  com-

pressible organc :àedium and the water which is oontained within the 

peat is recognicou as being acidic. 

i .D
( ii) Hydraulic conduetivity and its relation to the theories of 

nui:: notion 

Childs (1969), Hubbart (1940) and Luthin (1957) cive accounts 
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ori,inal Darcy exp2riment, from which it iz understoca that 

exparimented upon the ncw of water throlgh c•lumns of sard, 

1.3.1. lie assumed that the volume of water floil“ in time 

directly proporteral te th o crer, sectional 

• s n3r:1 te the directien cf fc. 	ra..sarving water 

under variaus he..2.ds (HB  + L - H, throug ccluans of various 

ienFths L he showed that. the rate cf fl: 	directly-  pre:)ortional 

• the haaà ana inversely proportional ta the length. Thus: 

.s 
= 1.3.3 

is c,learly the relative head of water causing motion, 

may Te described as the.potential hiad referred ta the outflow 

The '4;curaulic conductivity K hbs the unit::: o. velocity. A 

:3rtiaL -nead 	be des3ribed at any point in the fluid provided it 

related to a particular datum. It is, 	 tho Uffcrence in 

whic;i ca,_Iserl the flow of Ye,ter in ti. -H e:-:Deriment above nnd 

ineed in ail el07 problems with 	1:1-11E1 stuk,  vj_11 be conce .' ea.  

2h, , a --.entir:1  diffe2ence between tzo cp:7_ts ii. u 	is a direct 

• prezson cf the a.aount of . ;ork 	tird o 5-.73.A.u .n±t quantity of 

fl'.zid from the lu= ta the u..pper potential. Th -.  unit ouantity 

• be 

	

	 or 	.:teight and the unit uf . .)o'.ential aro altereL 

Darc7'7,, e.luation mcy be re-written thus: 

1j.  = Ks CàB  - 	 1 .3 .4 

t S = q 

iz the flux throu.gh unit area in unit time, 



inflow 

     

[Hia 

sand column r. 

 

•■•••••••■ 

    

  

   

s. cross section al arca 
was 35 cms? 

L varied between 53 &171 cms. 

 

 

   

The Experiment of barcy 

Fif,, (1. 	1) 
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: 

- 

,--,otentie, refers in -the 	 to the 7ork expended 

„on unit weiet Of tha :luid, ti-on; 

7-2:ro,y f=u'iata -1 	..:xpression for rectilinear flow in modium 

to 	isetroic, but a more' , encral expression cf his statement 

-7;ns'ers 	element of the flow systa:n only in which in thc 

huit of 	 potential i;radient is contant. Thus: 

y = q. =  

In this ,.7,Duation 7 ± th t. 	 a vect 	hvin Ljmit,sde and 

2urther oonsideration of t'Ae pro,;urtieL, c poreus 	hao 

risa to eouctiono which allo for dirctionui 	 i.e. 

.1-1:_so:tropy cf th_: conuotivity. 	v(witior i3 	 cri di in 

orthoenal axc y , y 	z. la tLe introduotory 

it 	pointed out that -liydraulLo conuetivity -:as a function 

:2 	 bor - ; .n of th fluid, :7.111 of the porous 

-rom Jarc,./' 	 it ie by no :laano clear ';çhich 

pr iportunt on limy they mï.y be relattid to the constant. 

from conbiderin the deviopent of concepts 

as t:ay r.311:1',;e to porous media. 

wton's second 	statas th tLa total force actin; on a 

p ,rtic:e is the .:- -ro±.:ot of its mass and .coelertion,thus: 



F = ma 	 1.3.7 

The Euleriah ao--:roach to the rrbiu-i •os61 17 flcwin viat•r 

adceted for the purpo3e of allo::in; the requiit.r; o•uatiors to be 

develo-Ded. This considers tLo 	 oh 	incving ./1.rough a 

c.u'e Tll0fl iL fixe in 
	

7116 ocsit 4 cr. 	•:;he 	is deScribed 

_ 	 Fu,-thor cousiderPtion of Kewton's the orthoipnal axes x, ; 	z 

lad to the 2olicing expr6;7sion for 	 fluids: 

	

1 	o 
a = X 	

8 
 - - 

P 6n 
1.3.8 

,RxDression relates the acceleration. & 	in the x dircction, 
x .  

of thé fluid, to tht,  forces whi.ch  ale actin?.-  

that direction ta, cause the acceln:ticn. K is the componant of 

body force °n'unit mass, and 8p is the pressure differ.mce, across 

_coordine, to 	 ororod an it.lation 

7;hich aescr -j.bed the rate of chan,ge of a ;:ro jJerty cf a flui ■f.. in a  time - 

• r±ac ;Ilay, for instape, be the vocity. 	 states 

-1"nat the total 0 .1 - 1 cf the 	 :nay be asurac,a to 1.); 

-:locity, with 	 is: 

ct_u 	 bu 	(5Ü 

	

1.7 — 	 i 
cLt u‘ , 	8x bz 1.3.9 

	

i. the chan,;e, 7i:hich the croperty unc_eri,-oac v 	ths 	aca of 

fixea, in other 	it is a local ch....nJ:c. The 

three terr.13, the convectiva ohane, express the change of' 

. 	_ ±., ro .perty as the place of observa,ion moves. By combirin equations 

and (1.3.9)arts equatio7i is obtained: 

du 	1 8n 	FZ 51). 	51.1. 	81./ a L - -- --- = 'u
+  u 	+ v 	+ 



siri'ar expressions describe ne accelerations a and a z alonj the Y 

r-spective axes. 

Mavier (cit, Rd:char:Isou 1961) , e.na 	 :u44.5 2 deV810ped 
- 

similar in form, out apolicalle te 1 .eel fluids, by 

ijnr termc to a.1.1m: for the viseosity of a rcal fluid, t S : 

71 = 1 e n 

L.■-••• 

	

( 2 	9 
• 	 uFU 8e-U 

	

U:LV --- 	. 

	

ar.: 	
. 1.3.11 

:nthi c . uation dv is 	vole of 	 element, p fLe masa 

and 1.1 	e dynamic 

Hnnart (194) presented he develo..:ment of euuations based 

ussn i;hese casie erLus,.tions and necessar.7, -  to the underst%ndin2; of the 

7:riabies in ce hydraulis conâuctivity terra. 

2 o.r extreme - 	flow.; the fo-llowL•k; relationship is 1rue: 

= 	 1.3.12 

L. '  s thz total 	fcrco acrnr: a .m.L.:cr:2sos2i -; 013 	1t 0 .2 the _ 

7:ersu3 ra•L1 in the direc -zdon of flo. and 	iz i2 rsuli:irk,. rasistanc 

btained "L'y censiderin t 	2c::,:rure 	1raritac.nai 

f:r:s air on f: 	 element of :h's Dorons mediva of lr-,ngth 

L.1i volume â 	'2he followins exprezi 	a àerivel: 

170
D 	

8z 	1 	« 	' 

= 
au 	• 

1. J.13 

s thc rassure differenoe ac:: . ::, zs the 1m3th 8L in a porous 

of sorosjty n. The expression - it rf..in tho brackets is the 

.i;otential radi3nt/unit mass en1 it therefore foll•ts that: 

r, 1! D 	—be 1.3.14 

rresistive force I7r is obtained firstly, v considering the visnous 

fr acrosz th: xy olPrIPs cf a nicresco ,bic fluid clament dv and 
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sezzndl,y, by resolving and sumiaing the compon.:..nts of tne resistive 

e'cr -e',  in the assumed general direction 02 flov_ for ail the filiC2OSCODiC 

sla,: ,.mts in a much larger maoroscopio eiemeat, voie A v, of the 

uorous medium. It follows that: 

Fr 	1 . 
n A v 

= 	
• d2 

1.3. 15 

zoefficient cf viscosity Df the fluid -711Dse flux per unit araa 

the medium is u. ï 13 the &;ri,in diemeter, a characteristic of 

1 
the ooro . ts medium, ...nd finally m is a constant of , ropprtionality. It 

follow from equation (1.3.12) that: 

1.3.16 

	

euuations (1.3.5) and (1.3.1) 	is Dbserved 

2 	1 
K = 	d. p 	t.; 1.3.17 

this a limenciorluss 	 ,?eoribes 

;7:strioe:1 chape of 	teJ:mal struture of ttc:.xj. The two 

zerms J 	d C. refer 	 to 	Jrope-ty 	meiu:11, 	4 b 

	

"7ntrin3io urmaabilit, 02 th t: 	Tt je noteU. 

oonr:,uctivity -Taries direotly;Tih '..;he 7:ace density 

zf - he 	thz .ra-ritational 	 and tl:a intriasic 

erzab1 .11 ti, 	 th a viscozity of the fuia It should, 

be possible to evaluate the intrinsic perEeability by 

valus of and. d. From tho considerable literature 

on "ti.L3 - c - i0 it suffice tc emphasiss that theoretical determin-

:ttionz are bu:Sed uppn idaalized porous media, aommonly bundlcs of 

Once the 2rameJork of the equation hce been ereoted, 

-ac7..ors are built in c allow for the differenee in flow charecteristice 

	

in the more 	forms of porous =dia. Such are the e4uat1ons 
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of Fair and Hatch (1933) and Iozeny (1927). These equations continue 

;'th the use of a sinle iaea:ized dimension, expressin tne size of 

porous net:fork, and thi s also contribu'ce.„ to ther li,-itation for 

-lost ',5ractica.7_ Dorous 

1 7 (-±± 	h: 	 of DaroyLs Law 

Daroy indica-tad that at ih vel..;o 4.tie3, of 	crdsr of 

, --c 	 of watr tLrouÉ,,h the &&..c! 	ni_ rt.lauion.)1 p 

no lo.7_.er 

	

rnclazC numsr ;  ( ne) may ba used to 	 kinemETtioally 

sjilrsy ,, tems.' Tt i he ratio beti;een the ihrtial &rd resistive 

fbrcesin tLe movin fluil. For Torol:_s edia tie irdex is obtained 

-3:: ution Df tyiJe: 

= 	 1.3.19 

i3 	 charnoteristiç- c2 	r.12k7 	r.L07 , I SUaI T %his ill 

bs 	 'IY;r . valc.c7;tv throh trie yores, 	is à cjimcrLdon 

u -narrifitir! 	t:Le pore L;ies. 

Darcs 	applies only to 	 of fluirf:. throue 

3orous 	 at lovY -2»L It do ,.er not an7:. • 	- ;he i10 is 

tur-c ,ilent i.e. at high Ro, nor doe.; it 	ci fsr a lare raLgo of 

	

o•ten the 1 :-. minar and tne turbulent (11:,. 	kinetic effectc. 

number aclic.tIle to the limiting situation has bLen 

i1tÉpte 	Lindist (1933 cit Hubbart 190) who qustes a value 

rs-e• 

	

johcia•mEr (1957), however, .:.mphasises 	!imitationz 

inv.Dlvea in characteri7;ing a porous mediam by a sinle dimension 

U)5 li!Ljtiu v::.1ue3 of Re 'raI7in: from 0. - 75. 
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Lot it be assumed, 	• that. the critical vue Of the lirait 

!--;plicebility of Darcy's Luw is 	 by a ReirnolÈ:_s nuaber of the 

ci 1. This figure ria; be uced in conjunotion with ,..uoted valucs 

conductivity in the literatura, to °ampute the . order of • 

u-ù,re aoove 7:hich,fo2 that-. 1..;erticu:lai:.. rci_ilt,Darc»c La;; no lon33r 

hplds. 30elter (19É5) reo-o -...-ds the hYdraulic c:,n1uctivit;7 .-.)f a peat. as 
:e 	7 

ThiC 	one of tha hihest values quoted. Tb3. 

oorzsi'7; 

	

	tb.e- hydrlio gr in neeC to e kn.iwn•to prmit te 

pore-sie -Go be cl.eterminad. ,tssuminé; h,7draulic %radient of 

/ci: and a.porosity 	of 0.5, (these va1ue3 are somewbet 

-1:hey..'«:.rev..-ighted infaeo -ur of a filai a1 	f pore site 

"telcw the actual 	it follous tnet: 

P: •É cl d  _ 	K fr,...d  
	  d 

r 	 1 . , 	- 	U. 
1.3.1a 

an L assumin the tomruture oP the -:rater to be 

it 	foui that the rmitirg poe d:;a1:1ocr: 

0.5 ' 
	  == 0.5 cdir. 
1 10-3  10 

• 
whi/st 	 is 	 a.n 	otai -1::eé1 of the ordt:r of 

iir 	 It is 	 the 	r.s as 	us tUs (,ocur in 

the 

 

pet massi2, and there -LL: therefore jutifi . m:tich for ass=in that 

-t -ne flow conditions that cre imrosed on iie 	-fell 	tha range 

Owart:andruber (1966) and (19() reviewed the literature 

ain wit7h cases of nonorcortionlity of the sou l watsr mcvement 

tz the 1-,yr-iraulio gradient. Toe ree ,;ons that have been use to account 

- the,  varitions arc: experimental errors or artifucts, such as the 
4 

rl:val cf entraucd air; the swelliriE. znd ohrinkln of the coil 

3 r.:112iCs and the •roiqth of mioro-organisms; the interaction between 
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clav and water which can altcr the properties of the water considracly, 

ir ;)articular, the soil-water viscosity bcheves in a non-:à.ffltonien mayLlsr 

, v decreasing wita increased rate of shear; th:-., flov, c.2 water'througn 

porous media zen induce un el,?ctriceJ. poteutiLL 3h2ference Fhich ccunters 

th.. flo-:; of water, this ic called the.streainj D3tertia.1 and finally 

the shift'u3 of 'sou l nartioles, or their re-orien±ion ,:.i'!;hin the medium 

has also 'cesn'suggested. SwertzeLru'oer points out that the evidenca in 

..”-.:p-Jrt cf th -; valiciity cf L.arcy's lrlw .1,; 1-e2cted. The oZten cuoted 

evf_dence in support of te L:..;; by .b- neher an. :,ewis (IM) was obtained 

w -ih snri 	anistones. 	He renamiu.irds t7(: -::, Darcy's la; should be 

worlcing-hypotheuL5J. The possibility of . ,onproportionality 

i.1.-._.7.111c:., however, -be Lc7+, in ri:ind as . a pcssibis exclanation of disOrepancies 

Dc.rcy-Onse,f.L flo:: ti?ory and act .Lal experirLents. 

The selction cf methods 2o -2 Ule detGrmination of the hydreulic 

- 0, - ctivit3r of per;h .7i:, bic, in te ab .cenco of evidence tohe 
- 

zzntrar:7, u.por t;.1c, àytiothe. - is thet Déu-cyt: 1:-  :::?.; val .;.d for the flow of 

throuà  



-19- 

''- -- 
------ 

£stimation o= liydraulic Conductivity 

TntroLuction 

knowledze of nydraulio coniuctivi:7 i;,;rareciin icst 

nvestigatiDns of z ..absurface seepa,;e,and ar.:,L.sonably accurate:value is 

Ti:e cor,luctiTity may be estimated 	:ai:Dra:tory techniques, 

t;le removal of a sample frDm tae Lit aud its trahr .ê,irtation 

into the f.,..-Liorator')-, or oy field tachni:lues. One is intuitively avare 

fat -tes re:_:oval of a sample of sDil from the ;1_;rouLd wiI1 initiate 

i=e7ersinle cilanà-es Df the-para:.etersaffectini.; the conductivity,for 

w:aie, ti -7e 1=c:sit:-  or the moisture content. Laboratory meti- elods 

t'ne smallost sainDles o. rly 	-1-, -nds end tT:1se iLaJ not be 

for :3eecla3e detrminaion. Fin?lly, it 1u.s béeri 

t'nat 	-: -J.ality of the wat.er zd for the eAim7:-tion 

7aria. :7.ionf, in t'ne conductivity. 	 be relevant 

tcte 7 -,)oraj.;er7. eL:timationz 	in e:.ieral, uouli use water of a 

lifferent ca1i 	 il• situ. 

ne. ad.vant5..ge )f :La17oratcrj 	 ille3 in 	control 

analysis 	 i5 	 in 

›•LLI.Jrator 	 this permis 	 ,if ij1e relations to 

Fiela metho.:;, on the o -L;hor hala, cannot 

e1:•liment of a simpl rectilinear pattern, and the 

tc comi,ute the conJuctivity are 1,ore coLnlioated 5.5d 

upcn te censtancy of boundary conditions uhich cannot always be 

•eiruDntri.. Field tecialic;ues do have the advantro over 

laboratcr,7 	 that the conductivity of larger, and therefore 

sami;le• cf soil inely be d.Aermined, and of course; 



and endeavour to maintain the hatural conditions. 

Consider firstly the techniques com.,:only used in 

tb- aboratory'cnd secondly th: field methcds -.71.th a vi,w to 

- 211u ,,inatirg a discussior of the relative meritl cf tl.e L.ethods 

=,d_ 7 pble. 

Die 'estimation  of hydraulic  conductivij  in the laboratory 

:he iaot straightforward prooed,ire in th:, 7!_borator y,  is to 

. 2.->c ,'aduce 	elaceriment of Darcy, usin the deSiréd" prou s medium. 

771 	case of stuies of a structureles, isotropic, unconsolidated 

the sampj_e ta ce use a may -Ge br,ilt lm in the laboratory itself i  

'7'.7:e instance a column of sand may be built u). i±th layered soils, 

::•.;e7er, it is Gommon practice to obtain t - h saie , usually 

▪ t;he fieM, 	technolor:7 ha. arise: 	irre9digatas the design 

,f in,:.truments to sample the scils in relisonably undisturbed state. 

The sauoin 	obtainé-..d 	be sub .jecto1 to th-J exp:_.riment of 

tlich the acf)l-tratus is 	 moddfied slierUy. 

-

▪  

7iment v;kich ccincides 	'„;he 	 is botter 

as, r - no constant hcad method.', (s: fcr 	ii ig.3.4.1.page 1 74- 

formula to --Letc•rmine conduativity is '7he :;am,; fur... s that d2rived 

:7 Darc:f. 	91-1uL.: 

K L 
st A 

head r.y be varied in a reular manuer duriné),  the 

commonly used is 	'the fallin head. 

to the initial expient of Darcyrhowever, 

.differs 'in 	that vater does not enter the 	cf the sample 

c3nstant head brt et a diminishinc; he7id. This 	arrangea by 



tF.o top face of the sbmplo to a e:tandpire of any dosired 

•though aocuracy and rapidiLj cf determination s'Agest a 

ra-r-rew 	 U.ator standinE in the ..tpe to a iL.ad. 	time T. 1 

e0V6 the e:;Ltflow is alloîea o peooL.te 	 il..tAp13, und 

c7I" t'le relative ievei. i , J. 	time 	 Ti, Tj; 

a-e made. Calculations are based on the fo:Jong formula: 

aL  
- Ti) 

. Lr 
rio 1.4.2 

% 7- Drr'sent.s t'r7 cross sectional arou of the 	 ana s the oros3 

zeotion ,_1 Érea of ta sample normal to tne f:ow. 

e t7o czpariments embody the prineiples cf the main 

15oracr: 	 thow;hmanymodifications to exoeriMental 

•=e 'oen aescrioed, for examrlo, samolin3 techniques have 

ten 	rei , commonly Jiethods seek to usc tx samplto.elf as the 

ntainer 	 determin.J.ti.-Jn. 

.1.1:erru ane. Huler (i)57) f.,:D.r.:Le a :. -- aifiotion whIch 

▪ !lis the sum‘Ftr, and âv 	of entrz.a-earatus it is 
• 

t e re-traate the osioal fo•co::. 	 ne,m;:la 1.,:perieced in situ, 

th:;z: drAermirel b: •oonstr.rt hc -.J 	or failinL; head 

j j1ii&r to 	 availcble in the triaxial 

of most soil latoretoriea„ TIe form.2r aprara:7.11; •7as designed 

en unsaturated 	 :.leans of application of pore 

:,reEsure, it 	 to conpress elnd dissolve tlie eptrained 

gas, and 1:uz, osti:nate the conductivity of th.: saturatad clay. 

The methoi dezeribed by Ohils and Poulovasailit (196C) COLSiSt3 

c= a u--17ibe filled witn a satur-ted porcuo wediuLl of leneh L. fig. 1.4.1'. 

is ro3kaa fr•m ..;ide to side at a fixed frequeny. The 

the mediulf. moves in response ta the motion, at th.. sume 

j, 	 au a aif',  pnase. The followinz eqùation relates 
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differential  water lev els 

porous medium • 

  

The Oscillatin Perm eameter 

ri (1.4.1) 	. 
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-enductivity end the phase difforence (Ir - 9). 

Tan 
	

1.40 3 

:1 	 bet-....ea_i the cross sec 0nal ri of the standpi2es and 

- he es-Eu.ation 2f hydraulio conc-ictiviy in the  field 

In enesoto.al ..lircuastances, the topography of 1::é arec majr 

tna conctivity of a soil te be Letermined frun knowle4e of; 

• t'-le 	fln:! into a drain or a river, the vTre hydraulio sradient 

	

area, 	assumed 'lirection of flo - :„ and Ule len -;th of the 

fic:7 .path. Alternatively, an area mai •e ohosô and irctalled rith 

rticial arains.  in :•n atemot ta ir4p0so a similarnydraulic •iituation 

en7, , eseribed abeve. 

Co;sider the auger hole tuAhod(fig. 1.4.2) -.7here a 

	

auran 	 tnrou,.;-ja the soil 

lt 'hac e .r1L7t..3 a, a1. temniatec at 

PureLL 	 beir te fil! with :!.ter 	ceep in 

• e_ the base, ail:1 which Liay o.. 	to 5u iu- min don tie ide 

due tp . late2a1sepae.. ILfter cone time, Y-hich m&ï e i.ayc, the 

▪ level in Ghe 	or a.r hola will 	r..3cov 	tcth level 

tortable 2L'ri its rco‘iery the u .ater table in té 

G2 	 be affecteC, by 	1,Jteral seepage, but. 

2L: tee:ituation will refturr te jt3 initiei 

situetionc iiay be irilposed. Th:.; w:.ÈLL ma; b -e 

17,-;;n );cp a f±xed level,. and thereafter allowed te recover 

•:-:%uraly, or tUs 	may 'ne maintained by puriodic or oontinucus 

r :zov:L1 'of th i7.1flin7. rater. In the latter oc, the rater ta-Ue 



• r 

• 

z2 
z î 

The Auger Hole Method  

	 sou l surface 

water table 

• 
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impermeable boundary 
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in the vicinity of the -.-6-e.1.1 and the displacement will theoretically 

exter_:1 sideJaYs acjiutoticrtily te 	 lio.7ever,uee..:;ureinent - of the 

table levP1 	distia,noe:s 	.nhe 	 is 	 ani the 

of chansp cf displacere ,..,,nt 
	

may be used to&ebner with the 

c ir2L.Ï tO ti-.ien. 	t-o com.te 	concluctivity. 

Duit (18(3) developed the fir:2.t relationship be -tween the 

of c. fr.;,?. water E.- urface, and the resulting flow -  te a con-

.; • PUripe 	 This involved the 	 tria-  tne flow te 

raaibi, and the well pen-Jtrated to an impe7,:-Laeab1e )oundary y, 

2 2 
) 

Ln 
r

2 
r

1 

:; 	t f.:d_ch the water is removed, ui  ana h::  é re the depths of 

fre-,e 	 elove the impermcablr "boum& ry a faclii r4  ni 

y 

'111-7 1 d3 (%5()5) dicusse• th 	I't1C.? ...i .Dviopmeg',.7. of :.-JoT1.:07.1..c. -! : for 

-.;e113 at e.uil1briu. Alternat  itvely"e t 	• 

t 7:1:17 mr,..y Le detcr .i.drJ.J. 	 btac: when the free 

around a pur.r ,::d 	io being deprseC.. LutLin (1957) 

iic (199) refer ta the solution cf Ti:.: 	(19 .)5), namely: 

Loc., 	h = lo-, + 

r 
n 	 + 

t 

1./45 ' 

1 .4.6 

9 t te t frein iî oommenccm: -.:ut of Di-mping and ut 

1 	 r roc tn -J axis of the well which i pumped at a constant 

iivri) ;ta an er:orm.ntiaj function, det7:rminab1e from Jahnke and 
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mathematical tables (1933) and Y i t 	ieif± yield of the a.quife2.-. 

i".;tUr.VeS are ÉLrawn of 	 plotteà_' ac ainst 	 rolbtted 

log (n). The iloriL.- ont.f.-41 and 

7.-hen the twc ourves are Dverlau.n and manctverea 	ol-tain the 'aeert 

	

equivalert. to lo 	and lo( 	 frcl.iich K 

f Urid 

he 	 vity 	also be 1trnirei y .Db rvir..; the 

•ec.over3,- of the 	 in an ::. -...1„?;er 	iei it 

Luthin. (1557, 4ves a .detai:_ed revie -,ÇoC the Iret..xt3 and 

ec-7.iations, .the r:7;lev2nt -. .arts of the r?vie -a are s -Imnarid as 

	

jiserens (1.1.34) c.U.iv: -Loped cuations 	 -;;11.e pattern of 

c:Dve -  cf the :,\rater :Level ta 	 botential ,'?,nd the conductivity, 

	

nochoqdt - 	 up..«,n the 	 of Diserens. 

::.ao.7:hourat's 	 forlovr.: 

2.31 1.4.7 
(2d 	c.) 

in 	 e.ngiricalky- 

= 

 

1.4 .8 

  

Kooghoudt assum,.,.,d that tho àirection of flow into the well was 

to the 	 The equaion 	...Jonsiàered tcï be applicable only 

pnriod b.ctween the 	 era:ty and one quarter 

(950) derivc:d the folloiiin 

4000 	a A h 
d 

(20 	L1(2 	11 ) h A 
' 	d/ 

1.4 0, 

th, 	 betiven the water 	Li-id the ,..: - s.ter levol in 

A- 
of deptiz d, at the tirr- ,  t, un 	i the rt oC .rice of the 

t 



7:ezer 1CVl at that time. 

Kirkham ni rri 3ave1 (1948) presened a iatha.n&tica1 solution 

:r the c7etermination of the conductivity, 	ét..1 alser hGia 'àhich 

t=rmin ,, ted at its lower end upon an imr.er ..-::eabi. te.-an177. 	11171e solution, 

a devalopment 02 the Leplacb c,uation, 	tne known 

anC solving for the assumied boundry or 1.ition , is: 

lr
2

a 1  L. 
1 1 .4.10 

the incremzntal cane of waJer levelE .Luring the recorded cime 

At. S ie 	;..;hae factor doponilant vhoflyi4pn the gometry of the 

ri.-arranging e ution (1.4.10) tus: 

Sd.  
= 	I alt: 	t 

f,imensicnle:ss 	o.. S may b. deduced ty er.uatirg. th  o coefficients 

a:.u.an.. The 2•hcpe factor !te.. j  bo 	 determined, for 

situtior of 	 hol= 	 upo ,ith±.. LA.y7crileuble barri -.1r, 

	

an :-:c! -_:.stion presentecl 'Ir the 	riI . rrcc o, ,tr-7 aprœ.:imated 

trh,.7 	 equatio.,71: 

er ri — • ) 
(' 

  

.4.1 2 

    

1: 	r, r-P.: 	 tr- 	th -• 	- 	c" • • 	 tai 	.f .-o•-• _ 	_ 	ta _lia 	Ç--LLA 	 • ■ • 	• 	 _Ac 	1 2..‘ 

tables. It 	'eciuted 	that t -£). 	factlr S :Jay be. 

'Dy usillz a three 	 elactrical malogue cf 

may also i used to dztermine form 

-= 	factor f:or an aupr hole termintinç a10ïe an im -;)ermeable 

'211.-e use of an electrical analozuc. docs hot permit the 

lf.7.insienless zhaDi factor J tO h Lete.r:J.rcd direo11y. It docs, however, 

2cr the determination of a modified shape factor, '2, •hich i5 

- 
clauionz...hmp 



A= 
16ad 

1.4.13 Trh 

 

eollows from this equation that A l'as th dim,cnsions 	1en5-th. - 

2.ub 4 tution cf esuation (1.4.13) into e..niation (.4.1C) ive the following 

' 	 - = 1.4-124« 

Iran :7.,avel.and.Y>ir:daaà (1948).  presente,1 value:: of the shape factor 
. . 	 . 	 . 	 . „ 	. 	. 

7'hese were plotted 	the r,itio. between tne radius of the auger hale. 

Poa lez depth d ae à seriez 5f curves. 2he curves represented different 

; itionE' of the.  auger o1e in. relation td the imcermeab_Le bou:idary. In this 

wera derived 	lf A for a hale of radius 5 Cf115. The values 

:1.re3oonf:.ing te ho:eS of different radi were to be obtained by multiplying 

• factcr A o the ratio between the clesired radius and the çdven raàius of 

• nus: 

1.4.15 

.'_;quatioi. (1.4,10 .) is iliitite_ in th 	cf L:Yr-C2i.s over which it 

.tls a rasur- , 	5:vel and 1::2 	0248, proi,sed the us= 

'2 mors generai . eluation ap,)licable a te two sit - . cicnb of an auger hole, 

regard ta 7,he impermeabl,,1 couLdary, Dre -rioisly aitoned. 2hus: 

• 2 
7a . 

= - 2.3G5 ; 

iz --ho s'ope of the log h (on the y-a::is) and t (on the x-alds) graph. 

Johnson, 2revert and Evans (1952) presented a simplified Irccedure 

:ater-minin; conductivity. They stioulated the use of Ln augr hale of 

:j arI re=cduced 'the graph of van ;5avel and 1:irkham ( 1 948)., Since 

ar:proximately 5 cms, the values of A, stated in inches this time, 

• ta be directly applicable ta the suggeste. field 2rocedure. 



3aers.1. (196.5) reproddced the ap;.)rozitions of ii- Dlinsoix et. ai., 

r..ez re 	he specify tha. ,..; the reproduueu curve 	 olgy •-;‘) 

	

a 1,!, 9,-'cior  :rhere an auger hole of 2" c, %- 	 r:7.J.sL u 

tien 7-.2o:.;1 wi:iich the conductivity 	compit is . olraation  

Luthin (1957) réDroa.ceL t1 -2.e 	 v=:.n 3avei and 

77he erdf,nae, instead of being quoted in terris of tia sLape 

P■ CtCP' 	i2 civen 	dimension_ss 	 It 
_ 

a 

	

tnat ti1,2 	 this ordinate 2.,re Obtai2.1 d .  :):.,- •ividing 

rj&jri sha-,--:e factor f y it3 rclevt...nt 	 i,r-2£ 5 ores. The 

	

is recom....-.ended for use with 	shape factor is identical 

	

(1..) 	lollows in -:_ts 	 form: 

2 
c 

6.11 3 	t 

tht: 

1.4.17 

1.4 . 14 

th o 	 L. 

e 	 b7 	 unt.:!. (1.4.17) and 

; 	 fello-.73 that: 

in n 	 -nd the torià en 	 side is constant 

ariicjar uug(.r hole. ne -„,Aual relationshiD 	exis•s btween 

sh:2,2e fucl-.ors, S 	A, -- ras 	in ecuatiœ- ( .4.15). 

ard ELn;:t (1950) extended 	equctions 

:7 	 02 .1erer_L soils. 7:ooshoudt (1936) as;;u1r2,1:d that thc 

to tLe rate of rie froul ee.,-.2.h cf the 1;--.!yers, may bc deducel 

a 	reaon4r4; te th...t which c 	 to 	i,.otropic soil. 

-e=lout-:on frcz a 1--3-er , of -trioims L4; — ar,a navi conductivity 
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t?Irough which the augar hole oassed is: 

dy 
FU = 

equationC the shape factor, ib 	san.2 as that luled in the 

equati -m. develoDed yI'looghoudt for :1.3ot2o1i 	 1-ils0, the 

:'ow 	 to the auger hole, is considered te 	normal co-  the waliJ of 

7;.E. 	ne sum of th=c contrDutions from other Leers my be integrated 

give tha 	ee,uation of -lookloadt: 

2i1
1  L1 	

2K,L
2 	

. . . KnLn  
. 	 2 

2.3aj 	 t - t. 
9 	• 

solution the auser hale terminales on te bou -nlo.ry ostween the 

. 	 _Loyers. 

À.crist. 

 

(15J 	eve1o,eI lis stal.,dard 	 fo determine the 

:.r.ctivit,y in tio.auir:-Jr hole of ,:ifi'ircnt d7' - i. The first, and 

•.1 1 or haie, of zeth d„ tzniiae 73 .11 	th.; 

adaii e;:er -.1met 	 ft .1.asonably accurat..* valus of the con- 

KI  for 	 Ine•)ond hole, 1.? 	d2 , e,netrate_ , 

tic first layer, arCL 	 zeconl layer. 

E-ver ,,•ge value ..Df coductivty, 	 J .,7 a si:an:4rd ex7erinient 

together 	the fol:Lsin.,:; :qutioi o roLI;Dat:-; the ccriuctivity, 

fcr the •soon:, 

dl 	- d,) - • 1.4.17 

;:, s,sand (1956) .:xtsnded the tneory dovelopcd by arkham Md: 

( 1 943) to tic eL, ‘se of a single lr;yered anisotropie soli. The 

is iimited to tuo lii.Lensions, the vorticfa and horiLontal. 

necesL,ary te kr.o -:. the ratio e..i.stin7 tetweul the . 

27 r-au. -ctivitio in these tv.o directions i71 order that ',:heir tru 

•-3 	termLiea. 

1.4.16 



'If the aug-r hale sol..utj.ons for estimcti 	conductivit 

KirkhaLl ncLan . ,3z,ve's (194E ) solution .  iJ ttactiv $irce it is 

• alzlest 	Eolution of the_:iaolace ori J,tion. 	 discrepancies 

• in 	 detrillinationc o .,* the 	 :Iere, for 

in the fo. A.r series cc iE;norod. The,/ calculated the 

er2cr5 	± 	froL this 	 ,and _hava •:ic.in te ta .e 

tnalysis oonfirno the Eust.icion th....t the rate of flow 

7! J1ZOL th ,, 	hoie *Ir. hot unifoxm ;vith iepth ?.t any one 

7imC, 	th3 rate of flow t any one depth varie uith the recovery. 

7.his 	oe de_ionstrated 	 The two é;raphs, figs. (1.4.3 a 

and . rr-Jlete the rat'D of flow into . the hole ,, as ab;3olssc, tc' the 

. zh 2rom 	baso of the 	 a rw. 'd .'n. Case (e..) arolies to 

an 	 folloaing drawd -o7n. 	(b) bp -plies 

7.; an auer 1107,-eh1fay through th.e recovery. 	 It is olear 

curs tnat nz't oniydoe; ti rat, of fli.»:1 va.;..- in time 

• uith 

	

	butit dircion 	 hoVE.1U0 of h.ydwaulic 

iiotruic soil 7;i:1 be urrtffected oy this 

but in layered 	 oJndurtivity will be 

by 	 i.:;17er 	into the 

eqution assu .= a. unifor -JotetiEJ gr_Idient in 

or2 	aub2r no. 	and VE.i.n bavel (1948) 

LE.J_:ostrat:-d t., t the potcntial «radient varies 	depth, being 3reatest 

basr: 	 12.o1. The &::Le oriticism must be Made of 

r:.otho__ fur layered soilc , since Le relies upon two values o2 

o .2 	is apparent in the tuo layered opse, and 

be czr iriy :no:n: unlass the variation of pet3nt5a1 . iiith dt:th 

a_Lc0 	 L1 th solutions uoe shc, factors wh.io 71 attempt ta 

hydraulic 	 augcr hoic. 
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rama,. 	 •••• 11.m. 
leyel of water 
in hale .  

   

    

    

    

    

    

    

° 
the arrows represent the order of magnitude of the velocity 

and direction of flow into .  'the auger hale 

Skete?s.  showing the relation between the rate and directbn 	f:ow. 

of water into an au.2er haie with depth . 	case o Mole empty  
case- b 	haî full  

•-• 

Fig (1.11-.3) 
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1-ïochou ..lt i z r_hape factor inores 	 f the 

	

variaUcn in thü 	 a3 the vater 

rfse3 

 

in the hoL3. Vtn Bavel Etti 	 -ho;:n that 

sl_a72e 7?aotor ' is on (,- Jasichsdoabo 	tÀhoJe fil_Ls from being - 

be 	 nec ,Jz3i.::., 2:r tbe limited 

ranes oz 

	

	 sclu4,ioJ arc L.7-.)..-L,Jc•i-0 ar_LseL 'rom 

by this pheuolneaoll. 

;çrkh .. 1 (1943) J.- :.?. sent ralwas of the LI7ii:ju factor 

for t1:: half full in an isotropio oil, but the v ,-..riation 

bet'Jeen 17::_ese two iutions ± not de2ined, _ni, az flot-3d aboya, i too 

-:c 1icr '.;reci:;c1 determinations cf conductivit7 tp be mare. For 

L1:7erea 	Hooghodt (1936) continu. s 1-o use the za.la shape factor. 

(1950) in his analysi,; do. ancy_ 

1,.,w1, but ocnnot adequabelj  describe the 

arjt. in a 	 argumnt 	 theory 

2to 	 cf 	 in practic, 

n:Jt 	
.rrior 

th?ooio rato 	 2-roble 	It doc . 3 

	

of ii_lustr: . .tir t4o ti=).s 	 a -etirm -'_nati.ph 

DL hcri:onta7_, rnthr 	 oonduot:Lvit:i by the auci hole ulethod, 

is 	 ar,f 9. van ';3vel ( 1 .'4:8 ) that, if the 

boufl:Lr 	ai ail mensurellients 

to 	 -:rhen tais poticn i fillin ulj, there nul 

of thr, 	e factor, all othcr 	remaining ocrisibl7 

-Jould not removr3. a.ny bias thmt fior may hzwe 

for 	 the rosult th::..t the chaos factor 77ould still 

ze f r a laiered soil, 	 c2 art;IL:KInt raia 

ra - f,.rner philLoso7,hica: cJncept of the iegrea of impermeabirty neonssary 

f-Dr a bour4r7 'ro 	deed funpermeable. Clearly tii:;- i a relation 
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:.e .t"n the conductivi'cies of the soil concerned and tLc.t of any lower 

layer' 	could ba 1:13, as an in:le:Tt° 	acc-tance of the term 

impermeable. There is no _positive ahru7»er to thi. 1:he literatura 

;,uuests that provided the discontinuity is at 	oi"77fi_Cir th depth of 

the auTzer hole, and proviled.tne 	 tto discontibuity 

i3 e.t least les t.e.n the lsyer 	o.7.:nsneratioh, enz,  value of the 

sh ,are facter will.be faiJr.ly accu -rate. 	. 

:jethod of Uhilds (1952) 

Consi(Ler fig. (1.4.4). 	and 1.3 re7;resentt:o 	wells 

irto an isotropie ooil. At some distance à 'oelow the base of 

the 7:e1.7, tuere is 	iLipermeable 	 their 

insta11..tion t1 	rater 	the 7fells 	i1 hl,..ve%c -qed an euuilibriu with . 

ta-n 7 :::.. 	 7eadient is 

• st.Fùlished b;,:tween th 	by 	 at a k=wn r::te from one 

to,the othor. In the ev -Jht LiL 	the !.-Jotentil 	 the 

:t-). -rbaticn of the rate l• tà.'le in 7:::c ViOir 0:: 	;1LE: aill also be 

iiaiL, .;;th the rez-ult that the plae of ';309Dele: frou 1L wrJ1 ta tn, 

:ter 	be aoproxi.dLtel7 	 denonstrate thbt 

flo7r rattern 	 ±; siIIiLar ta the cla•:sicl pattern arising 

a 	mnd ini , distance 	apar. Usin; a solution oresented 

SLythe (19501), u'hills ;-Leveloped th ,e 	 eguaion: 

thi. 	atira1ie. only to flow in a horizont:11 plLne jt is 

•-_,. - cezsar.; that the ells should :enetrate to the imperable 

th5 	tormihate abov the Laye:', a certain ria:mtion may be 



2a. 
equilibrium rate of 

1..dh 	flow 	q cusecs. 

•••••11••■■■111■•■ 

 

	1- 

 

water pump 

35 

sc .  soil surface 

miater table 

impermeable 
bOundary 

The nio Well Method of Childs 

Pis (1.4.'4) 
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7isualised as occurring in the horisonbal flcY:T ;.,atter11. The disturb.Ince 

•-zr, th,cizrtai will be 	1-12red E.,t the base cf the :lens, 

this 	alc,w for a•.te -r now thn 

couli ba ac0o,u7lated b; 	 this t .:rras ta eouation 

Cbildb (1952) has shown that ha -t7Jo 	 hariLontal 

cf a sail.may 	 t ,r three 	sitnte.. 1  at the 

c,n1.nLry 1:1-5 0  trcdagic, 	t:).e three aimenziahless .risotropy 

e cab'ru?.tian of the two 77e11 ii,ethad and the ss•::ag.,a tube i:lethod, yet 

be 

'Launip ( 1 963) 1.,ointed out that tic t -Jo 	niethod. 

7,0 juzt 	-;:y.:an1:7Tio of a radally symmetrica.1 array of 	 They 

for multiple wells, sivated arouhj the circ=:>er- 
• 

ce L circ;e. 

Tc 	.i-ioJi 

	

ne 1-:Y_ral methc,d for conLictinn is the. seepase 	metho.:„ 

-74 
	

anà. 	 soii to some 

	

bLio.;e;;J::;:.7!r 	an4 :L3ht1:• - 	by 	teervioue tubee 

below the E: -1-11 uf 	 :: tube, creLin57, 

- 	
.LQjl irc h±--rvtPr 

devizpd tYia -oroceduros for ir-ertinJ ,  tubes 

2,evi:;'es belJw thcmr. 3,'cr th P 	-, -)roc7Idures he 

Th 2 tube shown 	 ('F.4.3) 	CLriven ta 

É-fter -:71- ich a -Jooden rivet, - ,hat ..itted int:,  the 

	

h.:.7:diniere-1 out ta form the aavit,..7 of lenge_ d, 	rai.ciuo 

In thL: case th o rivet was a2.:penciacie; for the 



glass tube 

: 

water levelsat times 
t 1 & t2 

----soi! surface 
_water table 

tube 

?ai  

wooden rivet 
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Seepage Tube Method (1(hatagi) 

Fis ('1.4.5) 
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water leveis at 
times t

1 
& t

2 

elMale■ soil surface 
water table 

tube 

cavity  

impermeable 
"boundary 

Seepage Tube Method (erkham)  

",fig (1.4.6) 

d 
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where. -Une cavit- 	formai b;  a rivet 7.-hic h ;ras tien r.eracved, 

a±aiv.;reEzentr-d a dif"ferent f crmu1. 	ft•r installation, the water 

:=vel in the tube will COM3 te) equilibriuza rith th u ,b'ater in .:;he soil 

,----.72-:nding  the cavity. 	 assu:apti:Jr. that, in .i..;he initial 

th-is 	uiiibriui level 	be ikaticLi to the 	f_ire' the 

For t;:...3 iJuri.oses of the e:;:r.pe-rt.aent, the se:_ipae tube wus 

filied 	vieDte ,-› i tiit. itting  rub‘..:er 	 '.:hich a thin 

tut e 	was then fitted t §t±y  in-te inc neck..of 

1?1,•zitioning  of -U..e bun is- displaceL -qatej 5 to the 

record ..73.s .1,Ç..et of the subsequent fai1jn 1ei 5.. hts of 

h, in tlie e.;lass tube, rt,lative to tne 7later table, at 

:he 	 etc. The e.'„uation alyi?lic?....ble when the 

1.e.i." ..; 	blace is: 

(r )
2 

bjj  

	w ± a z'i'vc 
I .4..19 

is the 

Tn 	 trt the 	i3 

) 
b-J  

dt 

Tl e 	t)-_at 	 ttrken of the -.)rescnc ,; of 'an 

orecented an E:..uation which related contuctivit y , 

&nd resultant seepa.,..:; rate into a 6 , epaGc tube where 

aueiibcyond th 	 tube. The equation uas 

an c.,=...ct ana1ysi3 of the 1.,ap1ace 	 for the hydraulic 

;7:ter...tira stati_.„ aria the boundar 7  conditions s;Jecified. The anal-aie is 



teÀee' 

I 
to the derivtion of 	 cçi.u.ation for the auger hole 

ethod 	'Pym) sit -uations wer.5 aefirod. in. the fIr::t, the -uate2 level 

tlie tube after being rui,Jed 1;7 adding 	 to re-stabliJh 

its ovin ecujjbrjum .7;ith tho iater 	Jr 	 7ith that 

-nt,Dntial nat -ural .L.,7 	in the vci 	tL avity of zero length e  

fig. (1.4.6). 

arkham deriv7:d the followinL. 

2 	h, Ira 	1/IL, 

14L,a,c)(t, - t,) 

a 3ra factor determi,Jed by eleotrical analoy 	j havirg 

th? dimen-ion:: 	 It (1.eoendE. uoon the 72:eometry of t.he tube and 

s relation uc 	4 u:permaapie layer and tile -Jater table. 

ne 21ternative procedurp required thet te head h be Lairtajned 

2onzant and th, rAe of supr. ,ly to the bipe 	which at cqu:T.Iibrium ,Jas 

is constan, 	meaurod. 2hc 	 iL apolioablt: to that 

o 

anù: KirkhL: (1543) 1,..cint€;(1 out 	 '::as no 

cdffs-rc--7:e bctvf.-en the ea20 7rher ,J, ,d1E:a 	flowL, 	;Ale 

to 	 -Jhich flou 	1-;:ice from. tho 	to the 

to 	wator rei:oveC, 

deJcrib ,?a ,iliat they termeC,, 

Lethod' 	u.a narre: e 	tucic, but the important' 

Lt-menstrate. th%t tne equationJ (1.4.21) an U ( -1.4.22) could be 

to allew for the case 	a oavity, of kr:ewn lengtb 

tub, 	 a2te2• te 

or th±J:. term in equations (1.)-.21) . 	(1.4.22) in ploo 

zolution, (se 3..otion 1.7). j Lijzjtd humer 



:f values D2 ._(a,d,s,w) ware alro 

,› -i:ds (1952) suzzestod the -.;a:,7 this mathol, with a cavity 

= G, cculà be used in conjunction -iith the t'y° 71 method to 

.:ezDrmine tho. three dimensional anisotr.:): -  cf Le soil. Fe a:so 

that, proviLILd one aLeamad aniu,tropy te -"cour only between 

zhe -iertical and horizontal •irLc -L:ions -1. -..., the o':1 in the 

:riicntL iz isctrol;fc, i113 value_coul be determirnd. 

ue -Lrig two diefareLt cavity siz , tLe oecond 	 -Lne first at 

,Dosition. nilds showad trat: 

h1 
ira i3Ln 	KF A(a,d,s,77,p) at • 

- 

it -the linea2 ratio existizu between the vertical and horizontal 

cordrctiviiea 4 and K:7i, and dt is the 	interval t 2  - tl . Uzing 

zhe tic cavities, of radii a and a', the foilowin relationship applies: 

1'1(1 9 	 "1(a) 4 	 - 	• a-dt , 	.[,.(0,d,$)Ln 7- . 	1.4.24 1 	, 	 r- 8 

i) 	 n2U 1 ) 	 -2(a) 

Thich it is ooscible to finè_ a -relue for 5. S- Lb9titution of this 

in acuation (1.4.23) permi 
	

71 .j.-0f:4 rince: 

1.4.25 

7a1-_,a of K may a -Lb° bo ::stimated. 

Collis•C'-oor,ie end 	Evans (1964) described a tvro well 

for dat.irminini; the ilidraulic chductivii -  of diocrata layers, 

in layere:_t s.: -;urat7i.1 o.ls , in th.. 	The prinoiple ,hns ersentially 

usDà in thc two Jell eperiment of Chi_Lds (i952) and 

:dards (1953) in ti:at a sinl: and source ware created, 

reLoval.of a ; -ualitity of water from one wel1 .  and the addition 

an equivaant 	 to the other. Two modifications ware 

Pirst, the flat base of thc 7el1 ;ra:; sealed off tu prevent 



ïertic al flo:r into the well, and secondly, the i;alls•were lined from the 

3,,Pao3 for part of their depth Ijr tizhtly fitt 4_nG tubez. The resulting 

-.ureace of seepaze below a. tube resen:ble the surfLoe o a cylindrical 

:avit7-of length w and.diametr 2a. 

The two wells were pcsitioned, E. ,2,oh that the cavitias were 

at the -same -rie7-..;th, in a•layc:2ed soi]., 	-z1lo sama 1 ..ier and at a 

•;stance b a•art. The •eterminatioL fc11:Dwe:J. the re-eotablishment of 

conditions, ;:ias , zerlents•were - 4:de cf rate of fcv7 	and 
• dt 

resultant potential difference dh between the wells when equilibrium 

onditîons had been. re-established. Tue formula used to estimate the 

cor.„-luctivity 

Kr, 

dg 
0 -- dt 

  

(w ± w
e
) dh 1.4.96 

is a dimensionless calculable factor and w
e is r

, extz lengthi, 

• is used to allow for the fact that -t.»-Le floyT betw3en the wells is 

• corLoletely horintal. 

In sons axhit)itini.; aniJotrooy betin the vertical i:nd the 

• zcntAl conductivities a determinL,:tion of tue apparent condu.ctivity 

is firs-t 	usim a seeËae. tu.00 wit. a cavity of 2.ero leneh. 

cavit7 is oituateiL in 	middle of the layer under ooasideration. 

fDliovis 

') 

	

. 	h1  
ua - Ln E5 

- t i ) 

is a r,:-L3tatelilit cf Kirkham's formula. 

form of equation (1.4.26) follows: 

dt 	w t . 	NE"! eu.souropic)  
wdh 

1 . 4 .27 

1.4.28 

correction to the cavfity length,w 
	 is dcterid ne either e(isotroni 	 m c) 

C;" an elecriod ah&lo3ue, or by use of homo,7rams preented in the paper 



corsideration. It is reJ.ated to the true correction for anisotropie 

-znalitiors Dy the relations: 

1 
W
e anisotrooi- c \- =" 5 j'e(irc4c) 1.4.29 

C3 

4 3 sen from th. iIpzlogl4em.tflat the ratio e approach a limiting 

7alue, the r.ltio -between the caVity lenèth and the layer thickness 

in ;hici the cavity is situated, diminishes. 

jare is•reouired ±sen the cavity length approaches the 

t'f'ic -----lasP of the layer iiyider sonsideration, and accourt must be taken 

cf its geometrical relation to the local bounaaries, but also 

z2 	ab--olute valuea o2 the hydraulic conductivitiei in the confining 

Smiles and Youngs (1565) de•cribed the use of several of the 

f±eiinethodi4 previcusly uentioned, when th.' vers carried out in a 

1a-ocretory -Lnk filled with sc.nd.. :rney diL:ouez..ed the resulting values 

cf h: -arau'ic corductivity, çi_etermine(s. at the most at nine rositions, and 

four djutinot teonniques: the seepage tube •ith variouu cavities; 

e -ser rie; the well methods, using two, four and eiht wells; and one 

th the solution of Theis , (1935). 

:na r.Jsultz su.ggosted that ail mit'ilod:, ware reasonably con-

istent, 	the ol- oice of inCividuarbethed -s te use in the field vmuld 

f.:1-z1,-r on site conditios and tile aveiiability of labour, 



rzirauiic Conductivity  of 2eLt 

• r 
'!.2 introd,ction 

 

Peat is a hiegy coLressible rganic sou formed from 

var-louz types of plant remains.. There az.e diffcrent fyIc;:: of peàt 

chPracteriscd by 	Dredcu.ina.nt plant species frDm which,tile:r ara 

fore.. Peat tends ta f,crmlayers and'where the peat has forméd 

Dn a surface of shallaJ gradient the layera are approximately 

horizontal. 

The. choice of methods which May bc suitable fpr esfimating 

conductivity are considered in the following three tables. 

The .first taos, section 1.j(ii) is devoted to a comparis= of some 

of he •sthods used ta estimate the bydraulic conductivity of soil. 

chcice of methods is based upon the need ta selcct metilods for 

De.at, The body of the table is divided into t7o 2ections. The 

first -:-orsees the- oossiUe disaavantes of the proDosed method and.. 

the second the ïoss±bie .edva .:itag,es. :Le 5-3co1jd taoc , section 

4 s •evotod fo r' 7-vie7f cf the inctlicd3 7nich 	 ,iseà in 

with comme:ifs 7iher ,c reUvaLt. 7:1;aci referellce 1;ited ha,:; dealt with 

-Lan one ,Latlici nd this, tilerfore,2117.1.ts cœaparison. Tu 

thi2à. table, sectio:1 .5(ii.r) a revi.3w i3 preL:entd, enbIing 

of th ve.:1,u:3s of the. h-f- raulic (;onductivity of various 

asses•d Peat types q -Lcted in the litera:turc. 



1.5 (ii) 

Suggested Method  

Constant head 
permeameter 

Bjerrum Huder 
permeameter (1957) 

Large scale field 
estime.tions base& upon 
]mom patentiall an.d 
discharge 

Zumped 
Theis 935) 

COMPARISON" OF MEMOD CONSIDMM 8UIT.A.B12 FOR T 

Disadvantage of the Proposed Method  

Disturbance of the peat when sampled and 
size-of semple conaidered. 

tt• 	 H 

Requires situations of partieular 81, e i fi c 
Difficulty of defining the boundaries of I 
The results lack sensitivity ta changes 
the peat. 

Conaolidatione drainage and aeration e 
roay alter its p'nysioal properties. 

Auger 
Kirkham and van Bavel 

'1.,,>0 Well Iethod: 
Childs (1952) 

Seepage Tube :  
Kirkham. (1945) • 

(1948) 
The result may be domix' xated_by the layer 
greatest conductivity. 
The -value obtained la only an average !for 
and not anisotropie soils. 
The size of peat •au:pied varies with the : 
of the well. 
The shape factor may varyby as much as 2C: 
hale the recovery period for isotropie se 
is undefin.able for layered and anisotropi 
Installation of a well may itaelf cree.te• 
systeroe between layera having different 
potential heads 
As above the viella may be independent flo 
invalidating the result at low differenti 
The result may be dominated. by layera of 
conduetivity. 
Tua different flow system are establishe 
peat and out of the peat which ina -y be 
charactez.. 
The water table ma:y represent a false upç 
when a tube is installed in a situation 7, 
seepage is occurring. 
The size of pea.t sampled will in general 

Two Tube ilethcd; 
Collis C-eorge (1964.) 
and Evans 

The size limitation of the tubes may resl 
situation in two wholly different peat tz 
Itequirea a knowledge of the conductivity 
the vertical direction in the locality al 
under consideration. 
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LE FOR THE ESTIMATICI OF THE HYDRAULIC COYDUCTIVITY OF -  PEAT 

d 

ed and the smel 

If 

Advantage of the Proposed Method 

The flow within the semple will in general be rectilinear. 
The simplicity of the imposed boundary - conditions. Effects . 
due ta variations of absolute pressure or hydraulic gradient 
may be investigated separately. 

If 	 If 

Yields a result which may be applied to the practice and 
design of systems, le drainage, whioh may involve large areas. 

After the initial drawdown the flow geometry remains 
reasonably stable„ The large size volume of peat considered 
enables the effecte of irreglilarities of the peat structure 
to be ignored. 

The method could give an avera3e value of conductivity for 
unifQrm laierdad soils.At equilibeium shape factors will 
also be constant. 

The shape factor remains constant during the experiment and 
it is net greatly altered by the presence of local discon-
tinuities, 
The small size increases the aensitivity to changes within 
the peat itself, which may be followed by reference to the 
recoveryrelationship 

epecification. 
Les of flow.- 
anges within 

on of .the peat 

layer trith the 

se for isotropie 

.h the recovery 

. as 209% during 
pic son and it 
otropic soils. 
reate- flow 
:rent initial 

nt flow systems 
erential heads, 
cs of high 

)1ished„ into the 
different in 

ie upoer boundary 
Uon "-zhere naturel 

ieral 'ce ornai -t a  

Ln— 
h2 

- result in their 
at types. 
vit y profile in 

of the soi]. 

alone. It may be possibfe to
1
isolate the individuel peat types 

and determine the orders of conductivity for each. 

An approximPtely knownflow geometry is imposed. 
The conductivity may be estimated at any desired value of 
hydraulio potentiel. 



H;LVE BIEN USED TO ESTIMATE THE HYDR4ULIC CONDUCTIVITY OF PEAT 

Commenta and Recommendations for the particular method 

The Auger }foie method gave reproducible results, these compared favourabl y  

with values computed from known potentiel gradients between, in the one 

case ditches and in the other drains, and the meaaured outflow. The resuits 

from the seepage tube were incon-istent, and in general the values ouoted 

were less than those determined by  the use of an Auger }Iole ;  it was 

suggested that this wac a direct result of the puddling  of peat forming  

the surface of the cavity. The Auger Hee method was adopted as the 

standard method to be used. 

Na significant difference between the values of condnctivit y  measured in 

the vertical and the horizontal directions. 

The results from the pumped well were net constant, due possibl y  te air 

Lntrappment, and were difficult te interpret. The laborator y  method alco 

gave results which were not constant. 

Values of conductivity quoted in terms of eralative conductivity '. This 

mekes the results difficult to compare with other workers. Good a greement 

between Auger Hole and funnel permeaMeter. 

Conductivity  measured by  Auger- Hale is ezcessive, so this method is net 

suitable. Only  the 3 other methods used cari be relied upon to sive 

accurate recuits. 

D 
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1.5 (iii) 	 REVILW OF THE IIETHODS WHICH HAV 

Authors and Dates 	Nethods EMFloyed 

 

2eat Types 

     

Baden, W. and 	Auger Ho/e: Ho%houdt-(1936), 

Eggelsmann; R. 	Ernz›t (1950). 

(1963) 	 Seepage Tube: Khafagi (1944). 

Calculations using drain 

and ditch outflow, and 

measured ipot‘ntial 

differencee. 

Various 

Boelter, D. H. 

(1964) 

Seepage Tube: Kirkhem (1945) 

using: 

a Cavity 10 cm: dee-o, 

cm. . diEmeter. 

b r,avity zero denth, 

Various 

20 cm . diametér. 

L. F., 	ContinuousJy pumped well, 

Hanrahan, E. T. 	Ejerrum Huacr perm%nmeter. 

(1967) . 

Huikari, O. 	 Auger Hole, 

(1959) 	 Funnel permeameter: 

Nnmstrom (1938) 

Various 

Cultivated Pea 

Reed Peats Gebhardt, E. 	Auger fiole: Hcoshoudt, 7r,nst. 

(1967) 
	

Seepage Tube: Khafagi. 

Pumped well and Laboratory 

met hods. 



■ 7- 
MiviTY FOR VARIOUS TYPES OF PEAT erOTED 

elues of Hvdraulic Conductivitv cms/sec  

x 10-5  - 276 x 10-1 , 
.verage 2 x 10-3  

.cdrained 1.7 x •9 
rsined 2.6 x 10-14' 

X 10-3 

acultivated 10. 	q-pained"7.8 . x 
Ultivated 3.6 x . 10.72---  4.8 x 107) 

' 	- 
adecomposeçl 	 73,8 x 10 2‘ '.• 
acomoosed heroaceous Ï.D x 10 7u • 	_ 

= 10-6 u.s.i. pressure to 
.2 x 10-J  at +- 12 psi, 

IN TEE LITERATURE 

Conductivity decreases with increaaing 
volume of solid matter of which the peat 
is composed. 

Canductivity decreases with increasing 
humification, as expressed ley von PostH.  
and Granlund (1926). 

1-o significant variation between 
conduttivity in horizontal and vertical ,  
directions. 
Decomposition related te fibre content.' 
(Fibres defined as > 0.1 m.m.). 
Oonductivity increased linearly on a 
logarithmic scale with the decreasee 
the-  percentage of the fibre content . 
(normal scale) . . 
Conductivity varied with the head at 
whichthe value was determined. 

Conductivity decreased with increasing 
solidvolujne percenta,ze, and inc2eases 
withincreasing fraction of-particles. 
›. 50 Fm. 

Experimental r.poveries in.holes 1m. 
deep by 100 crê area sometimes took twia 
clays ta recover. 

.ter tracs, amorphous 2.4 x 10 -8.7  
ra expanse, fibrous, 9.6 x 10 

1..er 'active. laers', 10 - 10
2

, 
.r layers 10-0  - 10-5  

Vertical conductivity>horizontal for 
low humifications (von Post and Oranlund . 
The distinction is non existant far 
humification in excess of .115. 

Relative conductivity derreases 
order ::of 100 times as hnmification (vo; 
Post. and Granlund) increases fromfHl  
to Hie7 
Hydraulic conductivity crease 
depth below the  eurfaje. 

cms. below surface 
c,as. below surface 

X 101 -5-4100-7  

1.2 x 10-1 -2,3 ,0 0-7  



..à.athor and Data  
Daden, J. and 
Eggelsmann e  R. 
(1961) 

Methods EMployed 
Auger Hole 

Peat Types 
Various 

1.5(iv 

REVIEW OF THE VALUES OF HYDRAULIC COM 

Baden e  W. and 
Eggelsmann e ' F. 
(1963) -- 

Badene  Land 
Eegelsmaàn e  R. 
(1964) . 
Eggelsmann e  R. 
(1962) ' 

Eegelflmann e  R. and 
likkela, T. (1964) 
Boelter, 
(1964) 

Boelter e  
(196J) 

Various 

Auger Eole 

Auger Eole 

Auger Hale 

Seepage Tube: Kirkham 

Seepage Tube Kirkham 

Various 

Raised Bog Peat 
Undrained-Drained . 

Sedge Peat 

Uncultivated, Drained 
and CultiVated 
Various peat types 

Various types ane. 
degrees of 
decomposition 

alvin. L.F. and 
Henrahan e  E.T. 
(1967) 

Gebhardt e  E. 
(1967) 

Huikaril  G. 
(1959) 

Ingram, H.A.P. 

Bjerrum Huder 
Permeameter. 

Seepage Tube % Khafagi 

Auger Hole 
Funnel Permeameter 

Seepage Ttibs% Kirkham 

Various 

Various 

Various 

Blanket Dog 

Malmstrom e  C. 	Constant head 
	

Varia us 
(1939) 
	

permeameter 

ebtanov, 
(1961), tr. (1968) 

Jarasto, J. 
(1961) 

Auger Hale 
Plume 

F■finnel permeameter 
Malmstrom 

Various 

EDh2gnurl and Sedge 

Sturges, D.L. 
(1968) 

Seepage Tube: Kirkham 	Pissured decomposed 
peat 



).5 (7) Jonclusion 

:rom section_1.5(ii) it is concluded tha -; the seeage tube 

uLdng the - solution of Kirkham, wilibe the most successful for 

-.1etemina'.;ion of hydraulic coL1uct7ity cf 2eet. The reviewof 

tj:e various methods ueed in the 	 not conclusive and 

little 1 ,,fererce may be drawn as ta which.mi.tnod 	the moà:: suitable. 

Suffice 	say tha there are no real adverze co:i:ents ocncerning tais 

In Section 1 ..5 (iv) several poInts.are emphasis -:d. The 

Tare overall range of the .uuoted results, eight orders.of magnitude, . 

terds to st and out. It is olear that hydraulic conductivity decreases 

incresini.; humification (the humification may be exprezsed 

von Post and Granlund (1926), or as a funetion of the 

fitr -Jus remi,-Is in the peat, itself a function Of the volumetric 

r..ercentaFze of .clif - material nrosent). There are clearly differences 

cf cremof magnitude of conductivity bet7en the upper undecomuosed 

arer, an:7_ 'fna 	humified ocui 	r=lit their timation may 

recuire cri'eerent 

Tt 	irsit that tic nydraulic conductivity cf 	is c. 

7, -ny3zal ioerty 	interst in itself. 	 „m&;ested 

is no unanimit-  as ta ti [lest 	of c.,:timatin.. -Unis 

-,roze2ty. 

7t ±3 it.nd tL investiat›3 lzdraujic conductivity in peat 

ucin 	 :.‘nd the solution of .irkham. In the 

dcrivation of ifirkhu72.b.. ,S.OrmUlae 	sali be 



77.-.Gf7IGN 1.6 

The Derivation of Kirkham's Formulc.e 

1.6 (i) introduction 

	

open ends. tube, of,length and aiaJeter 	iE iiistalled in 

ths sou l profile ta a depth d bélow the water ta .::le fi .(.6. 1 ) 	The soli 

which occupied,the spaz'e 	by the tube is aursd out, usually as the 

installation srocaU.s,-ioa leave: a circulai- zurfLce of seepnge,. the cavity, 

et the base of the -rabe. At saine turne after the installation the wat *er 

eve. 7  in the tube wi/l . have recov9red, It is assumed ta the saxe levsl 

tue sv'r.unling 1-:!aTer table. 

The ezpsriment is performed either by- de2ressing or raising 

water Isvel in the tube. The configuration of streaidines and 

is-.oetched in fig.(1,6.2) for the latter. case. This 

rase be referred ta aJ 'a recharge experim:;ne, ta dis--.inguih 

it from 'the.depl9tion e=riments, 7then watel- flows frai.: .  the, soul 

ihto the tube. 

Two equatipna follow. The first ap2li'Js 	the, situation 

when:,  the -Jeter 	 tube . i's 	 IL 	displaced 

position, by the removal or aldition ,if water et hz constEf_t a-té 

i3 a geor.etrinal 2h;:,oe factor .1 ..'avih›.:; the units of length. The 

zezonà. 	a)plies ta the situation-there the didp1ac,:.,1 water 

is allowed ta return natraliy to its Cornier euilibriuni position, 

c. are 
4 

recolei at successive time intervais t i , t, etc., narely: 

I-'  -+9 - 



2a 

recr) 
soil surface 

water table 

seepage tub 

impermeable 
layer  

A Seepaee tube in situ  

50 

Fig (1.6.1) 
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•  Sketch of the Configuration of the  

Streamlines 	Equipotentials  

Fig (1.6.2) 
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2 	h, 
'rra 	Lin.  G 

K - t 1  1 

1.6 (ii) The derivation of the equation for the 0»-Je wilere the 

pCtential head is maintained crmstant 

A hydreulic tential is introduce - ard defiLed as the 

amourt of dôné On a unit volume of.water, ir it SIOWIy 

fro7r: a chosen dat -ai in the hfdrauliC Fyr:tem tc a ositr to which 

the potentiel refers (hilds 1969). It can shown. that 

---

- 
= 	+ pe P 

701 

? iE. the pressure at the poàition, p and. g as previOusly defined and 

z th a elevation »of •the point from -Ulve datura position. 

In a -aorous medium the facility with which the unit volume 

is moved, in the direutior. of the ;iteepest 7)o -tntial gradient, is 

Lirectlyoroportional to the intrinsic ç•ermeaDility k of the porous 

medium and inversely proportional to 	visccsity of, in this case, 

water. L siailar potential to that u.y.pressd t'y 	 may 

Ï:ritten for porou:,' 

rol 
1.6.4. 

continuity eclution may be uritten for 	in homo:enous, isotropic, 

incomTiressible porous 	namely: 

Sr E7 - 	0 
r 8r 1.6.5 

The above 	is expressed in cylinarical cc,-crdinates. '2-; and Vr 

are the component velocities of the flov, in the respectiw directions. 

61  V = 	vo1 and V = 	, 
oz 	 r 	or P 

1.6.6 
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Substitution of the relations in eauatiozi (1.6.6) into equation (1.6.5) 

results in the folloring expresion: 

-,.2i  LI2 ' 
rol_ = 0 	 1,6.7 

	

-. 	.2 	r _ 2 	±- 

	

b. 	• 	 or,.. : 

7.nis is a form of the Le2Diace equation 	may bo exiiressed LJi#ly 

à  2i 0 	 1.6.8 evoi 
2 

; 

• 	k 
ssuming thLt - - is cènstant the problem may•be siwëlified i;c) one of 

g 

solving: 

A 21 =o . 1.6.9 Ivol 

This is a second order differential equation, the sollition to which will 

the falloing forci. 

Tvol 	
e C 
	

1.6.10 

	

and C are constants, the dimensions of 	may •e choson o allow 

fpr the physical characteristics cf the fluid ard its environnt, thus 

as a;-seometrical funstion. 

The solution ta this equation foilow from considering the 

".5cunf:_ary conditions, 2ig. (1.6.3) .-hich are: 

The ater 	is assumec1 to e iiitia1iy hori-ontal and 

ther.,:for an ecuirotential. That urior ta the disturoance, 

the ;Tater regine is static, and that t'le watce taD-e is 

unaf2cot3d iyt:Le gynamic system est:tolished. It therefore 

remains an equipotential surface at ail time, 	and thus 

relmainiL constant. 

■.• 



supply  0 

rzco 

•  

tube walls 
strearnline 

cons tan 
43  vol à wconstant. 

vol(wuconstant 

irnpermeable boundary 
strea,mline 

Sketch of the Potential conditions 
pt Equilibrium  

Fig (1.6,3) 
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2. The water surface within the tube aLl the surface of the 

cavity at the base of - the tube are asz.umed ta ba equi-

potantialz both existing at the se pott,utial. 

3. Thi walls of the tube and the impermable boundary are stream 

surfaDeS. There is no comoonent of flow normal to these 

surface. 

The fiew diminishes ts insignificlInce as r.--* os. 

The -otential on the water table referred to the base of the 

tube 	datum, fig. (1.6.1) is: 

-evol.= Pa -F. pgd 1.6.11 

subscript ut for water table refera tc the .),Doitin at which the 

2a is the atmosoheric pressure. 

the cavity face is: 

Jvol (c r) 
	2 ,2z. 	 1.6.12 

?ollowing e quaticns follow from considerin.7 oc:uaUuL-Is  

anj. (1.6.12), 

= 45(wt)  + C 	 1.6.15 

P. + pg(a + h) , 

Joivi si£ultanecus17 it is found 

D"  
p3h 

 

1.6. 15 0,cav) L 	• Ut) 



ar_d: 

C = Pa ±pgà 	. 	  ' - jô r  
• 

1.6.16 

:le-sbstitution of these eouations in ecuatiun (1'.6.10) gives the 

following gefleri resuLt: 

j' 1701_,  
1.6.17 

ed .J. 
'he volume rats of floJ of v;...ter sesainzdnto the 	 r.;ï be _ 

determined by the following cm_essir)n: 

o_ 2wr dr 
dt = a  fe..7  

vo 	= 
-P 	u -vol 

1.6.18 

1.6.19 

L;ci;.;ation (1.6.19) mav be substituted in euation (1.6.17) «hich relation 

Lay then be substitue in equatin (1.6.16) to give ti following: 

oo 
= 	 h 

2.1-r• dr 	1.. 
'U(ca0 a 

2he geemetry cil' the. syretem and tho 	 o• striinçis 

uiotentialsa±e.ieoendant of 	uii.JCL : ntial. 27ne ;eomstry is 

cr_:nstant for any one wtperiment.Equation (1,6.20) may 

; 	fpllows:_ 

do = 	n .t,(a.d.$) ruc, 

àedo3.) = 	. 
d'j ( Cav ) 

1 

 

cc 
 27r dr 

8: 	.3 1.G.22 

 

. 	 ) 

4e5/=tion c)f e.lu!:tion (1.6.21) between.the tie limits t, and t
2 

leads 

17.-D the following expression for 	the measured flow durin;; the time 

interval t2  - t/. 



= 15.2.g. h .a(a.d.$)(t. 	m4) 1.6.23 

the rata of flow 

furtherucre: 

g 	t2  1 6*. 214. 

kpg 

 

1.6.25 

ci  

 

1.6.1 
A(a.d.$)h 

1.6(111) ne derivatiOn Gf th 9 aouation for the Gase of e naturel 

_ecover7 folluding denletion or rechary,a 

71:e ootential difference Io3tablised 	 between the 

watar table Level ar. -2. the lefel witbin tf-J tub rAinishes with tha 

recoveràr. 

7ater luvul within the Gube :;ta,ids at some 

-listance 	aczve or belo-ii the wsterth1c c.,st a 	me G. fr an interval 

Df 	 'ha la-rui will ave rec.:./rered L;y 	amollit à h. Then the 

flow 1:..ay be ,J17-1pro.:dillated :5;7 using e; :uLtion 

k0 .2; 
= 	Lr 1.6.6 

21lis ecuation beccmes less of an approximation as the head interval À h 

1:ecomes 	For mo5:t situations Ah will be negligible when compared 

.7it'n h. further approximation ruay, thi-reforu,be made by iéporing 

ne.auantity of water seening into the sou l dl as the level 

witbin t .1-.,e tube changes by 4 h is: 



t 1  
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dQ = -1-2 e. 

	

7a 	h. 	 1.6.27 

s:,b3t 4 tution of this euation into (1.6.26) leads to the following result: 

9 	: 

 

An — dt 1.6.28 .777:(à77.737 h 

Tntegration_gf.this equation Oet;'leen thetie 	 ' t 1  and t, and the 

heuà limita 	 el h
1 
 _Prid. " -4 elds The. folloirin-- . 	• 

kg Y A(a.d.$) 	h, .  

Tt follows from equations (1.6.25) and (1.6.29) that 
Ï. 	 hl 

Ln -- 

A 
Ira

2 

	

K -  	 1.6.30 . 	 4a..(1..$) t.2  - t 1 

1 	-:•:ad t're assurution not been made that A h ras ne:ligi'oic compared to 

i 	 h che followimg e , luation would have been deriveci: 

/ 	

h 

I 
_ KL(a.d.c)  {f,,,i à h 

,, 

_  

, , 1 
i 

! 	in thJ? enui,tiol the relw:ionship oet-een 11 , 11  -nd ti.y:,  is not ,mcan 2n 

1 	End, as a result, the laJ'o function ,:nnot bec j_ntratd. 

As the water isvel in the tube aoprones juiJLrium , i.e. 

the 1t term 1Er asJume some :_dificance. rei ...lering the solution 

The paLtnitude of the error Lay be assessed, however, by assuming 

A i. 	 Ah a relationship oetween 	tim 	.g. e. 	ssume that -7E:- is constant during 
k21 

time )eriod 	to t,. It the..1 follous that,: 

) t s 	 2 	hl 
1.6.29 

1.6.32 



and 	(777. ) 	 1.6.33 
7 
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is clear that the true value of the hydraulic conductivity will exceed 

obtzined by ignoring the ratio , 21.1 	In order that the error 
4 

- 	.--nould not be greater than 1e, the head inturvel 	Il should be less 

1 

1 	EclUations . (1..6.'1 ) and. (1.6.2) . may be a. -.11..Lied to a saepage tube 

. ,h=re the cavity extends for some distanco uelou the tube, merely by 

7.&.riable in the sht%I.De factor tem. This follows 

-zeca-use the solUtion of r:irkham io obtainel y summin the potentiel 

:-PC-lert az the -ater taole surraoe, where ths boundary conditions remain 

una l zered b7 the sis or shape of the cavity. 

(iv) The extension rf Kirkham's method ta anisetropic sous 

Childs (952) hes shown that the solution of Airkham aay be 

ali to mizotropic sous. The hydraulic conductivities x , Ky and 

on th th2ee princioal axes x, 3= and may be relatoL by the following 

:ne zo-ordirates describiilg the anisotrcroic sou l .iney be mathematically 

or c•ntracte1, so t riat thej describe a theoretically isotropie 

Tet te ne: co-ordinate an,es be described by x, ;1. and 	The 

:ran:f=ed 	 are related to tha 	oy thE,  folluwing 

= ay and 	. pz 	 1.6.34 

:he -10trO,"CiQ value o conductivity K' i3isa related ta the change in 

the zo-ordinate axes thuo: 

A 
	 1.6.35 

,1 



EqUatiOn (1.6.21) may be ap,flied to t . i n_eclium(f.or a tube rith a cavity 

leneh - w in the anisotropie sou) as follows: 

= 	 1.6.36 dt 

The shabe factor dependa to a much ereater e.::tant u:on the dimensions 

of the eavity thon the distances to fue iprmeabl -orrier s, cr the 

water table L. ,.hen 3 and d' are greatly in excez,a of -Lie cavity 

dimensions, eu.- ion (1.6.36) may be simclified thus: • 

4 
1.6.37 at 

Thé transform,1,7ion:uf the co-ordinate axes alters the shape of the 

i 	seepa ,ze tube and its surroumdings. The seepae tube, :.hicn is 
t 
i 	cylindrical in the anisotropie. sou, becomes ellictieza in the trans- 
i 
i 	foretion to isotropie conditipns. The len,sth Of the tube 7r.L1 alsc be i 

i _itere•. In the isotropie soil only the x-axia remztins unaUered. 

1 	Ecuatio -..,  ( 1. ' .37) may e ze---rittcn to include the undisturbed tarms: 
1 

! 	 d•i 	rot 	- 	,, 
1 	

-st 77 . --z A(a.m. -ww- 	 1. -;.3b 

t 	This 2..ua ..;in-: uannot- Oe. Lolved. by one seece.ge tu;.re experient. If, 

hoaever, the anisotrocy is limited tc - .7se vertical 2. .lirse.otion and the 

horiLopt 91 xy •slc,ne, i.e. a . 1, a ,olution may e octuined. 
% 

L;u:estimuting t *::e follovinc continuz -  relationship: 

= - Tra 2  À h 

into euuatior (1.6.38), and usin;f,  the feac'c. that KX = iÇ 	it 

tLat: 

2 ,f 	\, 
— rra-  ■ 	 AO. r.518)n cit 1.6.40 



-61- 

A h 
h = 

7hence: 

1-24nally - 
Il 	• 	- 2, 	1 -- 

eta 0, :Ln 7—  

, 	 _ h. 
dt  

13  

t f ) 	 1.6.42 • 	/ 

Thi. elue-7-ion may e partly eolved ny suoatituting .-e,,17,es of h and t, 

Dbtainece=erimentà.1- „-- , in the enpression. Tbi yields an elultion 

wheraparldiz—are unknowns. 
r! 

7he expriment may be reoroduced in the came sou l using a 

different cav•ity size (a'J) from dhich a similar equation ta (1.6.42) 

Lay be cotaihed th: 

) p .un —= X_ .A(aW)(t - ‘k 
L'y  1.6.43 

A value of p ma57 be dedudi:la ov solvin; ecuations (1.6.42) and 

(1.6.43) 3im7.1taneously 

)21. 

h
3  . - J7

4  

_ h, 
1 .6.44 

VLes of 5 are inserted into tis expredon until equality 

of bath side i ntained, Thi value re-substituted beck in equation 

(1.6.42) Fi.1.i3 a value 
, 

Yo'z 	= 

0f 

,r chaning terms It is thcrefore 

thccretical ..4y poscible ta determine the vertical and :loriz:nr:tal con-

the seepa, tube method. 
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SECTION 1.7 

Te Shape 178,3t0T- 

1.7 (i) Thc. determination of lTn:esh 	far.tor 

Consider 	&tior (1. . 22 ) 

-(aA..$) 	
--- 	

7— 	m 1.6.22 
Z7 7 	 =  

t eCEL"J 

A(a.d.$) iLï.ha7z" the dimensions of lengt -.. re;ardless of the dimensions 

of g5. It will depenc. mairgy u2on the cavity cd.aensions rather than the 

aistance2 t, the wate.an taUe •or imp.rmeable boundariec. 

The implloations of equation (1.6.22) are -;wofold. Pirstly, 

iu must be possi..ble to tin , by analysie, a tneoretical derivation of 

Secondly, the idea of an analogue is sugeested, inrhich the 

:leometricalboundaries are the same, and in -;:hich it is oossinle Cc 

m.asure the aramters 

Consider the first point.: Kirkha.. -1 t:ied ta find a 

theoretical eolution but, at that tiae (17.4 no solution had een 

.A solution has beer (loveloped, ho-lever, for the L.ituation where 

the f1o7 from o.r . to the cavity epproxiLiat.s ta the f10 7tLcii would 

occur from a point .cure, 	to point sink. 

The notential arioinz at a noint froc: sink or a source 

sit-ted .-.;ome distance r 	ay froc the point, and exclusive of .r-onstants 

aue ta th source or siik is: 

1.7.1 

The pet.ntial arisins at that point from o„ Lunieer of such sources or 

sinks is obtained by the sum of the respect -1v. ootentials. The 

petertial 	ta :Aie source at à. diztance r 1  :ro.: the point and ont 

si.rk at a 	stann ,; r9  from the Point is: 



z = d 	

oc f(r  
, 

(r -  , 	- 2d; ) 	rr 
z = d 

a 
1.76 

linaliv, it is foun,O_ thàt: 

-7 

4 (I .÷ ( r- ) ) 

-63- 

.1 _ 
r r 

1 	9 
1 .7. 2 

sign convention that a source i..: oositi-e LLs 	adc- --)t3d. The 

-;agran showm in fig. (1.7.1) approximates tp this i.ution. The 

-.7Aere, source 31,is suololied it 	amer "by t. , hE Lnape cf which 

the disturcenc3 to the -..%,sri1tin1pw -L.ttern.'• 21ie flow 

wculd ce obtained by Insertin 	 t'...oe in the field 

iE obtaincd, thporeticalk", L sitinz a siS. 	1.ht.red sinz 32 at a 

stance 2c. from- the source. It follort from fig. (1.7.1) that: 

2 	2' 2  f = 	+ r ) 

•  
r2 	

e 2. - 
= (r + (s - 2d) 

1.7.3 

ara faztor, which in '-his 	is 	), 	siedlar ep 

aavalo)ments te thosa sean in e:Ïuation. .(1.G.'il) te (1.i.22) .  and leada 

th,-• -auation: 

1 

 

oc 
kar z = 

a 

• 1,7.5 

 

1 

is analogous te a:„..-Liatic'; .: ( 1 .6,22). 

Substitution 	quations (1.7.2), (1.7.3) an (1.7.4 in 

ation 0.7.5; leads to the followin f;: 

s 

1.7.7 
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water table 

sphere radius.rsp.  

Sketch of the relative dispositions of 

a source Si. and an imaginary sink S2 

and part of the streamlines resultire 

fi-0m flow between them  

Fig (1.7.1) 
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i s  worth noting that when d. is large, the shape for approximbtes 

the manner shorin beicw: 

4yrr 
;VO 	 SE 	 Sn 

=his analymicalrésult is clearly of consider,le 2A?prtance because it 

a7 lows an inCependant CO. tc be .ia1 	 a.tos determined by 

electrical 	 Further, it allows the Conductivity t.. be determined 
. 	. 	, 

in situ uàing a sbhericU cavity or ar„aoproxiion to it. 

In an el.éctrolytic tank use is ;Jade of the ana --ogy. between 

Chn's Le.  and Da.,.oy's Law.. Chm'.à• Law states that the currsnt 

,1 is directiy•proportional ta the gradient of electrica: potential 

(7oltage) at a point. The constant of proportionality is termed the .  

..,onductivity 	Thus: 

.= .7.8 

Consider a large tank, partly filled with an electroljte 

L.clution. The babe of the tank is an..eectrical conluctor and is 

intended ta simulate the water table. The -.--lectro.yt  standirg te 

.:ome depth acove the ba:.ie repreients the 	and ater below the 1:ater 

table, 	 of tLa -1.:E,n1: are rec< uired ta rctain thp flui c.:ut they 

are assum ,Pà to be suffie-lent distance from, say, thc oertre of the 

tank that teir effect :1;:cn the flov pattern m ,ty be inored. The 

simulatel seil layer fLE considered ta el:tend ta iivanity 	i. (i7.2) 

vertical r .r.cs seCtion Uagrare of SUC:a a tank. An insulatLd tube 

-Jrotrud,,-s 	tbe 	case t1-.,  P_ deoth dm, and a bra-s 

,-;lectrod 	Y..lositioned on the top of thi2, tube.. 

The unit representz a .ciepaGe tue intalled into the soul 

:eicv: the waer tilx , ith a cavity at its loer md of' k.e.ro 

ntÎx in thi as 	ne r.etal tank base and tho cylinder forL part 



•••••■••el.A.M11.101.1.1■111110■1»..11.1, 

66 

1.-rass elect rode 	 electrolyte specific conductivity 0- 

• Section on the Electrolytic 

Tank 

•eib  (1.7.2) 

sheet steel 
elac•?rode 
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3-P an A.G. elcctio...1.1 circuit. 	c=ent 	 results will have 

an identical pttrn ta the flo‘:: of vate lu thc field. In considering 

th=,' derivation of the rioo .: ssarT eq-.:,.atics the ;3impliiyin :.!.umption is 

th.lt tii 	oi1eLhaz the field dim ,7,nDioe.s. 

	

By andov-  with e(_uation i 	it may be '; -ritten that: 

V =. ri.;j 	e 
	 1.79 

V -S t:tr voltage difi2erenc between th iata1 plato and 

electroCL. The ccivations are cieveico:.c.:L in a similar mannor te those 

from (1.C.10) onwards. It is round th&t: 

v „ 

,c,v) 	.(,t)  (cav) - V (wt ) -,
V(oav) 	

y 	\ .7av) - Ai ,, l) (cav) '  

In the clectlical :;erLs 	rc jJ: of course uo watr table, hcuevc, , ', the 

serve tb r*?mind. us of the .;imiIitu:Le. 

The ,, ur.rnt j f1air.7_n; frau a '7m -.2.1 	 (pi the sheet 

ele.ctrode is: 

	

cr- 	 1.7.11 

t'!lat the ;,0 -b.:11 cur2 ,- nt: 

	

0 	 1.7. 1 2 

.bstitution 02 	v:..lue for 77  obtaiId by differentiatinz euation 

(1.7./.0) Lerds ts7 th r-; 

( 0a , J 	t 
:r

(  • 
, 	-1 - . 

1-,: -  = 	6-,,
Y.,) 	e ai-i,dr 

/..)
' 	

5'2; 	_, 	= 	a 
- . 1 e.7t ) a  

1.7.13 

'_Dnsider nc7i: •hat the ,floa ,-.2,1 	 muoh smallur. The rJ,: .cdo r, batwoen 

tnc: molei 	 dimensions :La: 
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n 
ara 

af  1.7.14 

arcla,a:-.e the 	or the electro;Ie 3iZr7; in ,;ila mcdel end cavity 
El 	I 

size in the field. ?l-.e current flcwin2 	ràodel I  

similariv reduced 

Im 	, = ni 1 . . 7 . 5,  

vcitai;e c.2 the 'craSs electrode ba V/  and at the Jhe,-t steel 21ate 

instaa 	 -
- ir cf . 	 u i 

- 	(Lt)' 
thA: 

f 	' (cav) - l' . ( ,..rt.) 
a f z. d. 

0.;. a 	(y, - y1 )  
b; 8,1  irr.dr 	 1.7.16 

Substitutig t7.::::: rzlt for the shape factor A(s.d.$), e-lu:itior_ (1.6.22) 

-rha 	 yields the fclioJiag: 

a
f 	Im  
a Cr(72 - V1 ) 

en.uatior 	'Je =-.!xt.nded ta amgy to à cavity, cf isneh j, by 

"nc11inj the trt -,' in the '::,:ession 	becomas 11(a.4.s.w). Nou 7 

"r2' 

ec,uals tL rc,d-s_ct o I ad. R t 1-3 

reduoes as a r3Eu1 -ir, to: 

Eif 	1. fc 	— _ g- EF7-1  

J.1:—.E:+io1 (1,7.17) 

1.7.1b 

rLs 	 an 7Lectr.)1.7.tio tànk by- easn 

te resitc 	 the oross.electrde -nd the zhee',; sueJ_ 

conductivity 32 the elecrolfte. The 

rf,tiG 	 :n the 	and tr2 field is 1;no-n. These vzà.lues when 

'n ec.u.:-t 4 an 	cive the ,L3sired result. 
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7 (ii) Published values of the shape factor 

The first values of the shape factor wer3 -bublished by 

Frevert an:1 nrkhadu (1940. The' were obtainl by using an electrolytic 

tank of sonie six feet diameer and with a :1,1jmum depth of electrolyte 

solution of twenty inchez. The electrolyte 	initiaily tap 7fater 

but later core2 sulphate solution was uo1'L'he ,:lectrode covering 

the tanl,: 2loor, whic simulated the water tle , an• ccnstructed frein 

26 gauge copper and the cylindrical electiodes,re2:„-esentin. the cavities 

at the en:i of the tlfce,were also eonstructed fro±i càpper. The values .  of 

shape facto2s obtained uere p . iblished in a graphical form, and yiélded 

the shape fnotcr for cavitiec of zero length, having diameters rangin 

betueen 1 " ana 6". The effect cf the impermeable boundary, simulated 

byt'ne air/uatsr interface, was assumed negliciole, and the results do 

not t-rerefore tcke this boundary into account. Of particular intercst 

the -ttempts to asses„:, the listurbin effect2 caused by proximity 

to the cavity'of stonec or impurmai:•:Le lenses; for the rei:ults showed 

tha',:. the :-feect was 	 discontinuities were more .lintant 

from tne cavity than its on diek:,eter. This is of particuar 

imoortf,nce ir a considcrtien of e conduivit7 (if ;;;:at. The 

vegetation surface comprises highly compre,3sile z;phanum ,Ire as and 

resistant seae bu!dmocks qhich, it is inferre;1, will produce r)eats 

f7-07i h±hly conductive, on the one ha-Ii, 	an almost 

imermeable condition on the other. 

Luthn uciidrkham (1949) presented a .2raph, based upon 

rez3ult 	 sndie tank, fcr a cavity -uith a length of four inches. 

YOUF 	(1968) prcsentd a coucrehensive range cf valuesof - 

the shae 	which allow fer the proximity of the.. imperiaeable 

bounary, and for ulct practical sizes of cjlindricil cavity. These 
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results vire obtained in a small tank; ho';isvcr tne limitation of size 

va s C6mpensated for by aco .urate measurements of thé parameters involved. 

The values for the sha.:o factor, dctcrmine. -1 b.7 	arei:reater than 

those determinec7, L'y Frevert ai Kirk a by approximately 1 2,T Youngs 

concluded that the . earlier results.were due to 	syt.atic error. In 

oui' own wor•, a -_Lare suare tank, of similar dimensions to the tank 

used by Frevert and .irkham, has been used but oui' results coincide 

a.,-, rd.ximately with those of Youngs. Those résulte, trigether with a 

descriDtion of the electrolytic tank and the measurements made eorm 

the subject of an ap2endix to this thé:sis. 
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WCTIO71.1 1.8 

The Formation of :.:ires and tho - Ydro-physical 2ronerties  of Peat 

1.8 (i) 	The formation of mires 

Romano-, (968) CLefines a Lj_re, as en 	 abundant 

stagnant or sloij-  moving moi;!turL in the 'alpe: soil horizon, overgrown 

bv a 37:CCifiC veettion 7;ith the :Dre:i.ominance of species eAapted tc 

abundant , :ettin,.; ant to 	deficiancy in th,:: srdl substrate. 2eat 

aecumulatiou i: 	feature, and the oc:ah layer is 

sufficiertiy thick 	tu-evert ths reots of most plants from reaching 

the underlyin 

The work refarred to in this thesis *xas done on a traisad 

begt, called Dur: Moss. A raisd bog is a particu -Jar form of mire in 

wioh a more-oless dome-shaped body of oliutrorhic e  faut nac 

overgrown eutr•phic fen 	 on a nearly horizontal minerai 

surface or in a ..2c3k dcoreasion, thi overgrluth Lin' accompanied by 

a-continuoTis raisin; Df the rater table due to 'Ghe capacity of thc 

vegatetion (in this countrLF, esdecially of :3r.)La._-nu„à) to retain moisture. 

9117a aurface (2 the miro i 	enerLLLy mcic of I-Jmmocs and holles, 

ard te j ,motion 	this surf:.ce ni the surroun; Llineral sous 

is 72:..rkad by a peripal system of naturL1 draina (,rater tracks) in 

wMch eutrophie vc;:otrtion forms. 

in mire development chacterised - by the.plant 
cor, --uritiss present. Those inclue birc, aider, 
i1yTnoii oses, nec:as and yarious types of tau l ;rowing 

Thése plant comunitias are indicative cf 
iinri rich conditions, 

st;o in mire davelooment characterised by such 
as JilL;num  E:oss, heaths, sadges and Scheuzeria.  The 
communities are inaio•tive 01 poor minera! atatus. 
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The initial eutrorhic develupaert J9cenl Oe 1-.re extent 

up^n 4-he topograw cf tne uer17in 	 The olieotrophio 

,3 1relo-m-ant whdch eprec.U.s to the majority -  of :1O• 	n2 mire influence, 

deper 	upon innate l'egularities of aaveloïer; (u.f tie ,revious 

eutrozhic r.tage. The continued de3o5iion G 	2er,letuat3s tha 

conution of iLipeded drainoce wn.oh premotad ' -;h3 	 ..levelopment. 

'Ifir,-wEC. in section, 	aceuaulated 9aat 	have tto adearance of a 

Lens made uc o. n., 1-11.-  

1.3 (ii; 	The formation and hydro-hy_ioal ,)ropertic.s  of peat 

Peat iE an accumulation or organ±5. plant ride due to 

incomplete decomposition. Th Tortil." doeompocition coeurs 

ac c. reEult o2 ael-obic deco.aposition in the up7er layer. 

2ha 3ubmer:1-ence of t-1 -  partially L , ccsed 711ahtE %rresta the rate 

cf reduc'Uve lecum)csition unir cn.£,orobio cond7 1.tion7:. 

_yr 
Luster (199) report: , 	Derulfovibri:),  a sulphate 

bacter"a -hic 2'o.Luc 	îrcen 	ii a5 a waste 

and mathanc formfn:': -Jacteria 	prer-ent in sampis (Dû cet. 

Ënigano:-  (96d) rerorto that 	 Ipeat :;.eposits 

always contains 	 gasel ,L'L hjdroo:_rbons in the lower 

The sElubility cf t -La :;aseE in :»tt.I:r deeroaLeu 	risinz temperaturos 

with the result th-t the gases are r?loosed a fin unies which 

redce t1 	rLrulio conductilty of the pet. 

is concerned mainly 	th(,, peat as lt 

'u 	 olGotro .inic situation of Dun•oss. Ti. tulk of this 

peaz is feriaed 	 pari;ial decompos5.tion 	Lii.7.ha3num muss ,:7hich is 

o.,..trtnin for the -. - ast cuantities of watr it ho.-Lis relative te its 

dry weL_eht. :11a jLOS3 posssses ordinary cniorophyll bearing calls and 
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in addition ivaline oells iioh ar-J 2111-.1.ï 21,11-&ly with tter. 

. The apioes of th3 si2ms frc -L: the c:Iplete, though 

upper .s ,.12fvoe of large area:, of '12,un 	 failing upon 

thé , rec.,::; L.ay i•eroolato de=ard...: tetween tL.e 	 stes of 

Sphaenum. Tt follows thpt the vertical hyaraulic 

7:redomina:ces ut the :5urface. Eventually the 	is ovE.:wTorn by new 

extensions to t -ae plants an ('l -U.te older mc.s , cnnin,l; to dePon!pose, 

seeks latter, more st97cle position. The st%Is aru no;7'Lrranged 

horizrontally, and -1--:_omnov (1968) reports that tnej freuently orient 

themsalves in a dirtectio-1 parallei to that of prevailinË -i[ater 

movement. T1i2 	 conluutivity noi be e:ins ta predominate. 

TisLua mrioeraion continueis 7iith ne aid of aer:ibic bacteria.. The 

resultin oDroolidatich of the '.oss inorases firStly, the intra- 

JtJ. -tr oontert, quotecl as 50 , of th o total moisture content 

for 5yurface pets 	RoA.,anov (1963), ,91 .1d SocoL:ly, the •Lrea of surftee 

Per- unit weiii;ht of dry material (s2cific zurflce). 

an2. 	( -i9.5) report valus of the 

2, 
specifio 1.acc as high 	2) ,000 ou:7,(Td. .or 	deconris'I.d 

Ç:eat, how3v,::r, noniJnov roports 	 ure, 	 for 

siiiirij d(JcomposeJ P•at. 	also state that 	is 	ulti- 

comooner polyd -;,sperid syst:a. It com,..)ris.es the hy::.rophobio sols 

and the i'yCrhillo somi-collof.ds. Pet such as is .f ..rund in the 

oii -fotro:.hic stage of Lïi_re 	 reoniseâ. s havin3 a 

p2rticuirc,1 7 hih peroentage of 1-,ydrophilic humin wattr, and that 

hydror;Ulicity-  inproaes 	humifiotion, havin 	optimum 

hi h at the ,:lidne rang0 	photo-u:orograph of t oat reveals a net-. 

structure of r,lnt oeil rezains. 

The pors beteen, airl in 	c(7,11s, are dit shaced and 
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these slitz are, in general laid horizontal -if. The i1D.licatio is that 

anisotrop3 -  °cours, thouzh there is -little 	,.,videnco from other sources 

ta ;.upport 

ne total poroity is uuotd csbein Ls 	as C.9 by 

Romanov (19). 	 lo:!er tb.117,. this, quoted as 

7).5 1:7 'Lplai-ovich and 011uraev (1963). 

-in a gel, like neLium, zuch as p.t, consid.:ration needs te 

be tezen of the in::.£rctic ,-‘ 	 the solid. 

an:1 Churav r2e.ord the fact that 	much as 3(.2:":- ' the 

total 	content of a peat, in the 	stases cf humification, 

;ia Diyioaily bounel. Sindiarly, nom%no7 reports a ficare of 11", for 

a 	in thc .  lat.= St&ges of humification. Pc .krouskii is cuoted by 

r_cmanov 	 th .t ' ,;,-ater in :is'ir177-  F'iecompose,% 	may possess 

anomolous 	 ),,,pe of water :xhibitin. erLir stability 

fz.ue tc, ita ::7aczion 

Ei fluid may iiibit 'hear strerf;,n and may reQuire . the 

estbiier='; of a ti.,rn, si.,-)D1 iradient 'Je -fore 	conenf:ea. Osmotic 

e"fect, bte-en the wat asEociuted 	 oolloids'and 

thçt on.in scllir 	f the 	 '71otcd-  The 

colloial l incras with ciccompositi 	 time breaks 

do-rin the ce -_L 	reicasinc ntrappe -vate2. 

conoluson, to compL:xiti3s of the ..natial, and saine 

of c}z recorhli. intetione between peat udwater nay be empected to 

comclicate the estimation o .' the hidraU.Lin.no-'ucti7it7. If realistic 

7r-lue3 are te 	 then °are must be teer, ta preserve the 
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S'-.;TTON 2.1 

Dun 'i.loss 

Ï 
2.1 (i) 	Introduction 

The inset 	of fig. (2.1.1) 	tne - e;neral ..00sition 

of t'œ stljj 
	T::.e main mc.:; of th., study 	 tho occurrence of 

pezat areas hici 	catasorised as: fon and rc., 31 fe.t aiea_where 

eutroohic condition 'r::domina -17,e;raiseà. 	 •:liotrophic conditions 

prdomnate afold 1;eat cuttings. 

.7)un ioss , upon which tie im tigdo vere carried out, is 

typical of the ra.isd bo[:;LI in the localiy, i is Faso the most 

accessi -cle. It ha s unfertunately beon interftred 	by man, for: 

pe,,t 	 reir.oved. for fuel, the zro -:-inÉ veottion has beon partly 

urn 	e, tteLcts have been mac_L; to dr&in it; h.rv3r thez;e disturbances 

dc not ap.r to have alterDd the -..:haracr of the 	bog 

sijrifictly, for 3«17,1-Aiplur.1 ms s 	frmrishes crs. lare areae 

ar„ -lj 'a.z par 	it is 	 peat is sti.i beir4-; dscosited. 

	

is e. 7)anora::]40 	.7'7e  Dun ..oss. 

-ten fr ..)m the 1c7ier 	oo 	c ulnii na 	 fie.;. 2.1.1), ::à2j7S 

ici 	sha , characteriL;tic of 	 The boÉ; lie acro,JJ-. 

a sad;Lle betean 	 the vie... 	taho 	across this 

sadaie. Yetsr 	fron, 	northsrn 	 side of the 

7) 11.otc.) and the ,:,c -It -n?..rr ends of the bc;.J. The two burns into 

is reccivedboth ftrm part of the Tay river ::ystem. 

cpnspicuous drainae Litch, rendinc 	 has 

. eut acr'.Jss the 	 the 	11 .1is cLtCh 7ihich ic sho7rn in plate 

a:roxLi.ly four feet 	 it iJ now 

-oa," -f71y firied in wifi  oha.um mon... D7ainJ;e ditches Jere also 

ex..2:a7ted -alone various :_engthe o the eri -e:letr of th l .L.C› 	und onc 
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(2.1.1) 



Plate (2,1.1) 

View of Dun Nos k3 from the East 
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Plate (2.1.2) 

Dun ;oss Showing Central Drainage Tracl: 



-(30_ 
of these mcy te sen in plate (3.2. 	age.î42 	 I eems 

reasona•ole to suppose that the central dibch 	excavated to receive 

wer fraLl an intended system of laterul 	 Lever dug, 

und that the periph.7,-raL ditches iere excaated to orovent surface 

=•ff frcm the minen.:1 scil entering the bo.. Th still 

eurcti•n as drains, and the central draina,7e tru.:ic . disces that 

water it remorres from the bog at it. north ,,rn ‘,.nd southern ends. 

The r::1-1 of influe,- 	this ditoh doEs 	 to 

extendie fJ -f t 	order of • firteen yerq eithr sida of the dit:A - . 

Tl'e; TAtar drains frŒ:_ tre Lcrthern end cf the ,j.itch into a autrophic 

e'en 	RLË,te (2.1 	is a vie..-  of the fen 	in the diroction of 

th'; f:ov. -  cf 7iatr which is darived :rom e:Jring. Tho contrasting 

veeet:ztion bstwel the fen nCi th. raised log, 	clearly shoFn in the 

2 	e  1:'...tures cf the Dui -_ os e.ra 

  

721'13 	 fEatures of ,;.11Let art deteru;_ra the conditit 

th :uire deveIoperf. 	 17,J 	 it can be 

sen.thLt the stu-tr are n lieb in 	 Those aro 

cr -r:_coed 	 minturo of Letamchic 	 r':;akb, 

the 1vcnian ElLiiiîLCL%; of 	 to 	sout:h 

of i-- , 	2cult. This runs acou thG countr., -  from 

tc 	 according to Lllan (1923), outcropL 3ome three miles 

of the otud-y- arec. 

Iti knoAn from tunneldhl; oi: i;re.tiom; in connection vith 

a watr unf,ertaking, 	five miles tp 	 that t!le rocks 

nortk of 	fault zone are rendered porous b.7 extensive fractures and 

fissuring, which raa,7 stronzil;y influere -110 cco-hydrolou of the aria. 
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Plate (2.1.3) 

Fen Truck At Northern Ehd of Dan MOE3z, 
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Thé geological situation is obscure d by the processes of 

glaciation, more particularly by the processes of erosion and 

deposition occurring during the last glaciation. 

Cleerlesworth (1955) presents en anaje7sis of the ice 

movements in Scotland during the iast glaciation. tlenerally speaking, 

the iC8 that influencea the study aree moved down S.E. from the 

Cairngorm massif. The body 	ice was constrained to follow the glens 

formed by previous geological processes. Such glacier movements 

occurred clown the Giens of the Blackaater and Isla. The pressure of 

ice ta the south in the broed valley of Strathmore created relieving 

lobes on the higher geound betwaen these glaciated glens,ethus flows 

of ice occurred. from one glen ta the other, poesibly acroes the study 

area. Pi the vicinity of Dun Mees there may have been movement acrosS 

te saddle and dovin the velley ta the North 1est, end possibe clown the 

velly ta the South Eaet  as  rell. ;ffiatel,er the sepelence, when the ice 

began ta melt end recede, ii left considerable quantities of drift on. 

the study ar3a. Iy larsely opscuring the underlying.solid rock, these 

deposito have had tha largeot single influence upen the" geo-hydrology 

of the area. The drift lies like a thick blanket ove: the arec., its 

depth uncertain. Its effect jas probably beon the creetion of a 

barrier ta the efficient penetration of rein water. 

Springs occur from various places, on the drift lying on 

the Ulis bounding Dun ilOSE. They are recognizable by the effect they 

have upon the végétation, for they give rie ta patches of close-cropped 

grass in areas of othereiee drab vegetation. There is no reason ta 

suppose that the Springs are limited to the hillside; they may well 

eccur in -tha area overgroen by the peat. Equally, there may te areas 

urder the bo: where water from the peat may escape. This almost 

certainly happens in the peat bog situated in the Corne of Corb, 
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fig. (2.1.1) where an extrémely deep érosion hols has been forme d in 

the centre cf the bog. Ancther interctinL to - ographical feature is 

the presence, on the eastern flanks of the seddle containing the bo 

of deeply incisea natural Eullies one of Lhese may be seen in the 

background of plate (2.1.3). The depth of thos 	is a testimony 

to the quantities of .;a.ter '.:hich have flowed down them in former times. 

9 .1(iii) 	2rincipel Isetures of the ve;etation cf Dun : -ioss 

Tho principal features are'shown on the plan of Dun Mass, 

fig. (2.1.2). .The surface of the raised bog 2s a mosaic of alternating 

hummoc..':Ls and hollows. Tne vegetation is varied. Sphagnum moss, of 

several species, ooco:Oes the largest area. The hellows being wet, 

adpronc almost w1ol17 S -i,hagnum, and a type commonly met with i3 

3. z:3pillosum. Tho hummocks again are often formed of Sphagrum, 

S. 'cllaceum bein7 ona e:,:ample. This cirier zone rermits the growth 

of heath plant-, liche 	somAies grass. The trssocks of sedges, 

i.e. Erioohorum va t:ina 	ara a notable feature. Thei.e tussocks are 

dose and hard in caL:re.s'.; to the spon; reure of the Sp:laimum 

conmunities. The cantral draina7e track anu_ the ditch noar the western. 

F.:Ose are occu,)ied by 7ery 	looly-packad 	aspecially 

S. bpillosum and, in the uettest places, 3. ouspidatum. There are very 

few open watar pools, even in the wettest weether. The wetter parts or 

the mire mar.,:in are occupied by various fan 'commui.ities. Carex rostrata 

ocoupies the northern fan bctween K 1 and K
3' 
 and occurs at intervals 

along the eestern edge. It is usually found with its stem bases standing, 

in waer which is often visibly moving. WLsewherc the wrginal water 

tracks are marked by clum,+s of Juncus effusus, associated with Sphagnum 

ro.Gurvum and Polytrichum commune:Jhere wet hollows have been left after 

pet cutting, tussocks of j.E. J.II.122111.21,12E grov: ambngst Sphazna, 

especially S. recurvnm. 
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SECTION 2.2 

The-Survey of Du a MOE3 ahd its Environs 

2;2 (i) 	The survey of the surface topo:ral.,hy 

It was felt that a survey was necessary for the foliowing 

reasons: 

(a) T. locate the study area via co-ordinates relative te the 

ordnance survey. 

(b) To iay dovin a control for subsequent eperations in the 

vicinicy, e.g. the -;stablishment of unes of boreholes 

between individual survey staticns. 

(c) To delineate the boundaries of the peat and the major 

topographical and vegetational feeturs. 

(d) To oLrbain conto -ors so that slooes etu6 couid be obtained. 

A seeies of survey stetions (see fit,. (2.1.2) 

paze 64 ) -;;ere with one .e.ceptien este.7)li3herf: upon the minerai soul 

surrounding-  Dun Loos. TogeIner they f or±LF. a c.Loceci. traverse, the 

total length o which 	1,510 ms:tres. Their relative dispositiLas- 

were based lipon sihLi dit.ances çn. the ieU,bive levels betwean 

them. Lc£:h station V!LJ located by using elecricity ccnduit h:'.mmerod 

well into th grourd to avcid interference j crasing animais. The 

positions cf the stations i.ere determinad during 1967 bychfeaining and 

by a theodolite-surve7 (20" vernier). The results of this survey 

were adjusted accordinc; to BuJditch's rulc. The levels of the stations, 

relative to the orhlance dacum, 7ere determined firstly, by determining 

their levels relative to each other (Jetts autosct)- and seuondly,by, 

relating theselevels jt.:o the level of the nearest bench mark (Ce54- ref.. 

1;o. 169547) some 1.6 ni. from instrument station A. 
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The survey, reouired to relate the station levels to the 

bench mark, was done durin the winter of 1967/a at a time when the 

visibility was extromely clear, ana the ground was f2eLen 

instrumental error inv ,-- lved in surveying a distance of i.( ill. vas 

minimised by-  using eual backsights and foresightG. À new fixed point 

of reference -7as established on a large stone adjacent to Lun Moss. 

The positions and relative levels of post, driven into the 

peat, on three Geotions across Dun Moss 	C-3 and C-.7 were ais° 

determined during,  thc summer of 1967. Difficulties of atmospheric 

refraotion lisnited th a maximum sighting distance across the bog to 

about 500 ft. D; 	found that a slight breee helpeà eliminato the 

refraction. The outline of the L•undary between the peat and the 

minerai sou l was surveyed, usina offsets frpm the imaginary unes 

joining adjacent stations. The lin eF vere measured usini: a 100 ft. 

chain an: the ofizets -acre measurnd using a flexible tape. A stick, 

which the soil could.be  probed, 7ias found useful 	those positions, 

where a (-Lifficulty existed of recogniLing the bounder; between the 

peat an4 the En -Lierai poil. 

The deta:LLD-4g o2 thG steeL north,:rly end of Dun UoSs uas 

facilitated o te e-tablishmert of three subd.lary stations 

and 2. The information available was usee. to d..-a-J a plz'n of Dun 

, ,\ 

4 -, contour mFn of Dun Moss was made as n record of its 
L. 

..zrface tonogranj, “ra 	e basic for aosessini: ths pattern and 

direction of :ater moveme,lt near the surface, 	(2.2.1). Ideally, 

measurements shoul()_ be made of the level cf the iater table. It was 

decided tha this b7us impracticel in view of the graat rumber of 

uositio-_s at 	levels aculd need to be obtainea, and also in view 

cf the tranGient nature of the --iater table. It :Iras felt that the water 
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Contour Man of Dun Mose 



table at Dun Moss :vas sufficiontly near the surface for the levais, and 

slopes sf tnat surface, to sive an approximate idea of the'levals and 

slones of the water table surface. The surface of Dun LO3S iS, however, 

a mosaic of hummocks and hollows; as a result, it -Jas decided to 

measure the levels te the lo;;-ar points of th s hollows. 

The survey work WdS carried out in the summer of 1968 using 

a 20" a.tts microptic theodolitc and two metric staffs. Th a survey 

instru ,ront :as centred on the individual stations established upon 

the mirerai sou, anl tachaometric readinsa ware taken at points, on 

rays radiating out frm• t.ha instrument. The rays between adjacent 

stat - ,; overlappad to rive a full coverage. The choser. contour 

interval -:Jas 50 cm . and the positions wera chosen with this in mind. 

Ew.Derience of sur-reyine-7 upon the bog shewej. t2c. ,lt a staffman uould 

pos'tion ninself on hummocks or tussocks, meanwhile holdin the staff 

on the Lo.Dition in a hollow .:rithout affectin 	levol of the staff. 

Tie contour map ehows a cumber of foaturus. Firstly, the 

central drainaf;a track lies 7'„1,.lost ,:e:actly on the lonitudinal axis of 

recon5.1y,.the contourF; sui,:zest tic liely pattern of surface 

draina on th.. 'Dos. They indicate that tecsn'cral area is very flat 

anl tlds is in tact the •ettest part. elle ',.Ater drains radially away 

t'na oast sida of tlk, central ditch, -,ct on the wàjt sida of the 

tld situation is dfarent, for water noves to the north and 

south, 	also in a direction .from B to7iards th a central drain. The 

north and south e.nds of the bos have steep 1,radients, and thoy are 

driaan the c ,ertre becamse the water table tends to ba lower in 

thesc aras relative to th a bog surface, an affect possibly 

accentuated in placa.s by 	proximity of erosional cliffs. 
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2.2 (ii) The stratigraphie survey of Dun U.oss 

It uas thought that a stratigrapiLic survey of Dun Moss was 

necessary for a nuMber of afferent reasons among with were the 

following: 

(a) peat bog exists in three simensions; therefere e. survey 

would not be complete without some knowledj.e of the under-

ground topogreph3. 

(b) Subsequent experillents, involving peat at depth, would 

bensr'it b-y a knoffledge of the underlying minerai soul 

topoEraphy and tir:: composition, texture and dispositions 

of the various f,sat types. 

Initially it was thought bl-at the structure of the bog would 

be L'est r3ree.1e by•a series of stratiraphic sections across the width 

cf t.J:.:e mire ftn. the east-west direction. Accordingly tue lines C-.;"1;, 

C-F Prd -(- .ere chair-surveyed 	numl.ered posts 	set out at 

intels of 60 m. or. 100ft. The levele te th base5of the posts. . 

were established. by levelling with the autuset from instrument stations 

estaLlished on the minerai ecu , adjuceht to 	F aLLU. beyend G. 

'Filler reat bore:Jr' 	use . . in th: investiaations. This' 

borer is 	-late (2.2.1). It is con: ;r 	from. two concentric 

_stainiess steel cylinders beth of uhich are siottod. The cyliîiders are 

fitted one in;:ide the other in such a mann•r that they may Le rotated 

independntly thus opening or closin a slot. IL operation, the 

clotied corer, at;:ached to extension rods, is lowered te the desired 

depth in the oaat. The chamber is then opened L'y rotating the 

extensien rod. Gontinued rotation in the same direction causes peat 

to be eut by u blade disposed along the :,ropriate slot length, and 

guided into the chamber. The chamber is thri elosed by rotating àn 
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ELate (2.2.1) 

Htller Fe:A Borar 
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the opposite direction after which it may bc reoved in order that the 

peat may.be  examined. 

Th e 50 cm. long column of pat, containeà 	 chamber, 

was first of ail subjected ta a visual 	 to determint: colour, 

constituent materiais and discontinuitie 	the Profile. - The 

identification of pl ..znts such as Sphagnum, u ,!llunlz  or .3ricaceag  and 

sedges was orly difficult for 	decomposed peats. The peat was 

then classified rccordiag to ti-e humification icale of von Post and 

',.-ranlund (1926). 	translation of whioh i,. hown on the following 

page. The dezreez of ilumifiation shown are . based upon rheological 

Pronel-ties of peat, and upon visual estimations of the proportion of 

remaining undecouposed material in a sampl .:. The scele ras not at ail 

difficult to ap.0. 1_y anl it vins boule-times possible to clas.1;ify peats 

between t-Jo 	 dsgress. 

The information res -ulting froa th) investigations during 

the eummer of 1967 was used to dra:7 u ectinnal diagrams for the lines 

C-E, 	and 	Fig. (2.2.2) is*ts clia.zram obtained for the lime 

C-2. 	a nunber cf bereholes, investigat:'_on «f thestratigraule • 
• 

nore limited ta the iower lajer of scat cc1:. in i_n•attmr,t to obtain 

more details of te position of a doe;) burid 	 chanrel was 

lo0eef. on ail tIn.ree oectior linez and i. 5.nformation rvsaled that 

it sloped downearC, to;:rdo ths north. 	a reult of these 

investitiolu it uaL decided to investiate the stratigrarny of the 

north-south axis of tue bog, line 1.,9h. This was donc in the summer of 

19 ()9 

The Jdn_ral son belor the peat vrac generlly lifht grey in 

colour and it had a - -mosth consistency. The layer cf paat acove tho 

minerai soi .:;es, in a number of situatioas black and aJorphous. It 

contaj.n .:d Potamogrcon seee'.s and othor rci,ains assnciate,:. with lacustrin 

* Fig.(2.2.2) is contained in the pocket sewn into the back coïr.:7. 
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Ten-noint  humification scale 

(von Post and Granlund) 

When indicating the humification of Ipeat, a 10-grade scale is employed. 

H : No hfflification, peut free from ooze; when squeezed (in the hand) 
1 	limpid, colourless water is produced. 

H2 : A mere touch of humification only and peat almost free from ooze, when squeezed produces limpid but tawny water. 

• Little humification, or peat slightly muddy«emits turbid water B3  .  
when squeezed). No peat -substance passes between the fingers). 
The residue is not pulpy. 

H ° Slightly more humification or peat increasingly muddy: When 
4' 

 
squeeze d emits (stronsly) sludgy water. The residue somewhat 
pulpj. 

H • Moderate humification or peat rather extensively muddy. The 
5. structure of growth fully distinct but somewhat veiled, When 

squeezed corne peat (substance) passes between the fingers in 
addition to intensely muddy water. Residue sludgy. 

H6 
Moderate humification or peat rather extensively muddy. The 
structure of growth not fully distinct. When squeezed maximum 
*of the peat pass ,1 between the fingers. The residue is 
more sludgy but indieltes more distinct structure of growth 
then the unsqueezed peat. 

Hg : Strong humification or pat extensively sludgy (in which th. 
' 	Structure of growth is still visible). When squeezed about one 

haIf o'the peat-substance passes between the fingers. If 
water is emitted, this is gruel like and strongly dark coloured. 

Very strong humification or peat intensively sludcy with structure H8 .•  
of growth hardly visible. When squeezed about of the peat 
substance passes between the fingers. Gruel-like water way be 
produced. The residue consists mainly of more resistant root-
threads etc. 

Ho : Nearly complete humification or peat almost entirely ooze-like 
(in which hardly any structure of growth is indicated). When 
squeezed, nearly the whole peat substance passes like a homogeneous 
gruel between the fingers. 

: Humification and oozification complete. No structure of growth 
10 . can be discerned. When squeezed the whole bulk of the peat passes 

between the fingers without any emission of water. 

When the extent of humification is situated corne where between two grades 
(or intervals), its indicaUon can be given as say H2-3 1  H7-8 etc. 

1 
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conditions Along the north-south ayds of the bog Phragmites peat was 

eound above the black-: leze deposits, sd abcvc thi-; the 11 ,1rk and wood 

of birch trees. Cutside the main channe! aree 	loaermost deposits 

were •irch (3etula) aru se4.; (nrem), thon -cross the whole of the bog, 

the birch Gave way te associations of 3phLun121:1 :_osses, ootton-sedge 

ophorum 	dnat , :r. 	.heatliL (main1.7 Cali.u.na ) anich continued te 

the Surface. 

The accuracy of th:L. recorded depth of.7.ny peat layer was 

limited. l':ormally the depths were refel .re to'a fixed horizontal bar 

in the vicinity of the borehole. IrevitPbly, heNever, with two people 

standing ncarby, alterations ta the level of the bar must 1..,Ive occurred. 

It was felt tisat any iniustigations of hydraulic conductivjty in the 

peat should take place sosie distance away from the5e areas of disturbance 

near the bor&io12,L:. As a recuit, 7, ri accuracy of 4. 	oms. in the absolute 

level of the borehol(,-; record ,vould suffiCe for positioning o2 tubez etc. 

The borehole results hav.i a.L estim2ted accuray within thi s range. 
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77"ne Instrumentation cf Dun Loss 

2.3 (i) 	Introuction 

The instruments - ere cbosen to fuifil the aim of providing 

Ilformation on the general hyrolcgy of tb, mirc as a background to 

studies of, initi?.11y, hydraulic conductivity of peat. It was decided 

tc measure Precicitation on.the area, the svapo-ranspiration from the 

vegetation caver and the response of the .iater in the surface layers 

and at depth to thes. and other related pheromena. The measurement of 

the absolute run3f2 from the peat catchment was considered desirable 

as a secondary objective, but in the event it was . nOt prectical. The 

cositiorn3 of ail f_. :._.,,Aruments in the Dun Loss area are shown on.  fig. 

(2.3.1). 

2.3 (ii) 	The iliasuremnt of•precipitation 

The situa-Lion, types of rain 	usea, and the period for 

hich measurements ar,; available rc dtailed i tne following table. . 

Posi t'or 

Corb steadin,2; 

2eriod 
Durin 

Type f 2'requency 	which 
Grid 	i!;levation Instrulunt 	 Recuits 
fercme rt. Readinse 	Available 

- 3.166562 	1300.7.k.- 2 	t .i-e -,:kly 	Oct 1967, 
Standard 	 Oct 1969 
5" gauge 

1.k. 2a 	i:onthly 	Oct 1969- 
Octent 
5" eugc 

ifoss 
to hut. ) rc66561 1150 	ih, 2 	ieekly 

Standard 
5";auge 

Oct 199- 

11 

1.P 4  p 
Bucket 

t? 	 tt 

Oontinuous April 1969 

Dun 1-103S 
(adjacent inet.) 
.-Jtation C) 

No, 1 6 : 58 1150 	2m 
oct,apnt 
5" gauge 

:Ifonthly 1.1ng 1968- 
pot 1969 

tt 	.;"ec*ly 	Oct 11;69 
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The tipuin:_: buoket ram aue (Artech 1;lastioL Ltd.) has a 

catchslent arca of 750 cm-  and tIps for every 0.02 oc. rainfall, see 

foree::-Dund of uiete (2.3.1). The inciz:_ence o reinfail i recortéed upon 

an biersheé_ and "agnoles nuiti-peL event recur .lish 	situated inside 

the but seen in the background of the photografn. 	9'0"1or x 6'0 ' t 

wide kn 	ad been erected on the minerai soil :,djacent to the northern 

r,erimeter of n i:oss during the autumn of 1963. 

2.5 (iii) The measurcent of evapotranspiration 

Tt -,7111. clecided to ini3ta1l instruments to masure the evapo-

traspination Lirectiy fr ,7;7u a section of- the b, and e7 -:poration from 

an on -vater surftoe tu ee,t as a conparitive stendard. Ac-ourdi/Isly a 

✓ at filled lyi.cleter, plate (2.J.2) and an evaporation pan, plate 

(2.3.3) uon: installed on th2 bug adacent to the C-F lino. fig. (2.3.1). 

• reat fil:9d Iysimeter was instaild 	 utiLLI.er of 963. It 

• constructed fro:n. a fibre gass tenK: The de.pth wels 65 cm. , -ad the 

dimensions 'Jo the outsiue of the rii.i. were 38 	en? 78.5 cmà. its 

ç1e7;th 	chosen to avoid intrfr•nce with tb:.liiiin foots o plants 

Jhien viculd be placed in it. 

volum c2 pat, sinilar ta the dimensions cf the tnk, was 

eut e..-t oe thc, boj,Iaco initie tnc tank which TfeL; thon L.anouvered 

"ock into the 	 In the pericl follo•i%, the 'I.ysimeter was 

kept well 	iidwith weter to alIow the; vej.;tation to recover. 

✓ aL.amount of deterioration occurred ta Spha;num  moss immediately 

adjacent ta a niiwell whIct !and been excavated at one d.gE; of the tank. 

'711e 	was 	 by f?m.sh growth which quickli bace,me astablished. 

The water lev1 in te.: lysimeter is maintained epproximately 

eoLstant usin a 6 gallon suppiy reservoir and a 6 gallo drainin;.  

renevoir. The suoply is rogulatud iiair a carburettor float onE,rber 



Plate (2.3.1) 

1einsau3e3 Adjacant to th c Hut at 

Dun Loss 
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Plate (2.5.2) 

Peat Filled Lysimter 





and t2.-. 2 drainae u2 ...:nc a funnel. Both these devions are supported at 

eixed -.evels in the well exoavated in the pat ..fe one eage of the tank. 

41f-n in Jével het-leen the' funnel and the float ohanber is 

aie.preziatekr I 

Te lvsimeter ;.mbsided 	 ins---allrttion, as a result 

re-ced 1:7 about 5 2i. and 3upport2d un u arvjic framework, 

it2e1f s=orted "t)•fur po Ets ariven fou' feet into the .i.?eat. 

;:eekly measurements 	teen made sinee "earoh 1969 of the amount of 

and, by io.:.:ans of a pump 	 the submorged 

raina. re-voir, of .the amount drained. 

TLe 27a2otranspiration is compute from the observed values 

cf 	 nto.and out of the lysimeter. A number of features . 

oorput&Uon blore difficult than it ne.d te. 2irbt2y, 

1 flat rint; as a ruLtult it •s difficult to elsolutely define 

4:43 etcntent ara. It Jas '23ume3. that the '..rea wac bounded by an 

agLnr line runnirkj italf y aerool; the fla* F-_rt of titis rim. The 

tPrk . it2. 1 2. tecr2 in sUghbly.  T.ith depth, 	fl,:!.ctuation in the 

:;he te.nk 	 l'pcn hO pin ri as of te tark at 

tn:.; 	 —te „..„- 	ol 

unavidLble, it ii1 however oomplicate the interpret:tion of computcd 

nu:nber 	 ale° unes, in the oporation of the 

t'au c_r-burttor floet cha7iLbr supply occasionally 

't:he incié.erce of tnis was13se then anticipated, 

seemed -.:ol cPusea bf a fun:al i;roath rather than by 

p2r:iel?e, im 	- uter suppliJa. The draina-,,e rrvoi .... *as 

ufficin to 	the everflow from 1.2" rainfall but, at certain 

thizymaLnr-na ..;e, The internai diemeter of mae uupo (9 n.m.) 

to remove 	weterwas too 3,,- 111, with the recuit, •hat the 

2" 6 Eii313 of water bteco_de a lenLthy and', -;eious operation. 
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bureau of weather cias f land k)-.n 1.a.s installad during 

the Sorine of 1969. The pa, , was four feet .lie-:ett_r and ter inches deep. 

It was 	 horil:ortally, with its rih 17 inch-4, 	 level of 

the bog , by wooder framework. The .Futer la7c1 Li tho pan 'bas been 

recorded weenli sincs ifarch 

2.3 ( 4 v) The measuren.eht of ';rie water icb1I 	esonse 

fiie positicYcL of the tbirteen vter 1eve2. recorders used are 

shown on fig. (2.3.i). They irere installa durinr .; the Zuff..i.er cf 196. 

Ten are acz:cribed as '13arnsbury necorders' v:hich ark.: manufactured by 

\,,,,t+i ana a;orL alata (2.3.4). The remaining t 1.- rç:Je ara a 

modil'ication cf a liunro float recorder, plate (2.3.5). 

Chares in wc.ter level in a iin inch tiai/1,::tar well resnits, 

in the Ne.ratti record;D i in a chans in the vclur. of a rubber 

bolow the -2-ater surfce cf the e1i. ne surface 

mcuntsd recorer, connoted to th .e 	b7 a.••:p ,or 

meFI;uv.es the v,-Lrma.ohani-es ari rec:Jric 	on a tjç hart 

in ter::s cf thc c;1.1.ng2 in ' -eter levelu. The 	oirt LI rotated once 

we.Pkv by 	 Leohanisii. which 	 reJ::_ndir. A 

:Luoiro 	 r..,cords th, , fluctuations, in level of L. float,sited in 

the 	 a r.rum chant. These char ts h ,_..ve a aine inch range and ara 

aise rotate. 	 rapuire wockly 

F-ivs of th hrne:Lury l'ecorders havs 	range of twc feet; 

acr, o-inly, -the )11o0n3 r.ro cited on 	floor of vïelie which vire 

2 1  3 " 	 raining five hava a range of four feet, tsese 

E-Jre site a'‘; the base ;y? vielle 4' 3" deen. The floats on the ;::unro 

instruments operate in yrells which are 2' 5" -leap. The well:5 were 

c=a7atEd usine a àraining spadc after rich they ware lined vdth 

galvanised wirs 	cages o prevent their 	 The recorder 
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Plate (2.3.4) 

iler.metti and 7.ad9ra Water Level Recorder 
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Pinte (2.3.5) 

-7.unro '.in';.71r Level Re'coraer 0050 7 
in •':37:he.aum infilled ditch 
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are sur .00rted by fanee posts driven well into the peat close to the 

The n:gretti recorder housin2z are not completely ':.eatherproof 

an:1. a lot of trouble was experienc ,:d with ti,fi recoru,3r chrts 	used 

te crui=le la; in da2p narioer of eolutions were trieu 'uefore 

it was -2-11iLed t t the tro:PIe 	cauL2d bj li2at condoixsatio 

occurrin on the t7i•nary 	kplate ihici .u)j:Jrt6a the rotutinËi• chart. 

This retvrded th* ohart but filed te retu'd the clock mcchaniom 7hich 

therefore screwad u ,  the ,.,)aar and speilt th 	cord 	deflecting the 

pen. 	final solution required the rei.ovL1 of the backinÉ; plate 

altether, ?nd the ro ion o2 an aluminiuE plate similar i dimensions 

tc 	 rot:1-:ts 'ith the chart. Also, the -.L.en mechznisms 

not closii;ned for winly conditions, tho;h a new cartride pen is 

row aval,ba, L.rd the.ze reco1.'der:1' are more diffieult to install and 

tho simpltr O.rum rocorders. It 	sucrecte(5_ that mechanical 

friction 	 available comJina te ak th c response of the 

rec ,)rder 	 arA 	 thL.n that of the float- 

e-_;tte5: :=unro i tr 	They 	ho-wever, one very :;reat 	rg 

for a most ioort -tht 	 ta be 	out; for 

the raLuonE.- e.cf:  t 	ater levai, 1.71 an cpch well, 	 u:,.., on:th‘) initial 

renio, 	of e. --;:ater tab1,7 surrouifiin -  it, 	-L$2rent .J_al 

•c.tween the t:.o r_nd some 457 -dr2ulic cn.5.uotace 	 co thet the 

--,--4.porse in 	 not relect the truo water tablo respon5le. 'one 

e'mr.le:t solution iz tc curtL.-il the amou=it of rusr .:rvoir storac in the 

-Ïe11, in the-  limit rucr it ta 'zero. (A 7211 of L.ro diter, 

effecively.) 1-2tar consideration it was rlecided to back2ill tha wells 

7:th 	 waz not necessary ta fill th3 whola weil up but only that 

part enrienw:21g ti2 seasonel fluctuations. In Auust 1969 a wire mat 

'rs susperde la" to 24." below the rlm of each of te wells, and the 

s- ace ab•7 each 	filled with peat. Tho ohu-ts, re:ilovLd foIleing 
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tfris z-dification detailed a more imL1ediat response, by water levels ta 

rainfall, than had hithsrto been observed. 

(y) 
	

2iezometric measurements 

It 'vas dacided 	termine the Lotual vertical ground- 

rater seepaze in tbe per:t. The initial coneut envisaged the 5;e1e)tion 

of smal l a•l, if , ossible, uniform areas of th r mire which would be 

i,Istrumented 	fairly hsayy densifies of pie.on terz at various depths. 

The rotert:ial which vouLi. bc obtained would in themseives be of great 

interest ai. x. ouE._ permit the seepage ta be comput, provided reliable 

values cf hydraulic conductivity rare available. It rc£ hoped that the 

piesoters Yould enable a number of qw..stions abo(.7.t the peaf bog ta be 

ansarcï:firctly, whrt rac t:le magnitude and direction of the vertical 

i;roundwater flux; secondly, wbut relation existed between the -ater table 

in the mire and in the minerai sou l adjacent and •elow if; thirdly 

sea. -.e relation existc. 	tne laferta fcri ares and the pert 

Tiaie d4 c1 not permit or mlre thn the fief cf these cuesticus 

fo a exa,dried. ircr.L the otratigrai:hical investintions if waf ,  khown 

tilt the area betreen U 10? nd 5102 ye„,1 uniferm. 	lo7er scil 

surface was :7_pproximately icvel c.nd .,rarious cet strat& cre recognizabla. 

ri'he 	choLen iselo '&10Wil on fi. (2.3.1). 	›e..rt of the area had boer! 

burht over about 960 ut it 	recevered and showe. an  abundant 

Sphae= e.u..7t1.. 16 poitions were then set out on the circunference 

of concentric circies 100ft. and 50ft. diamt•r, and o:ie at the centre. 

of the circies. At oach pcsjtion three 	Ï.D. aluminium alloy 

piezometers 	installeu tcrminating 11 1 E; ", 7'6" and 3'6" beow 

the surface e2 	bog-and one 1 " dia. siotted aluminiuz pipe which 

termin;-ted 	below tli bog surface. Ti.e rcsulting mater level in 

the latter vas hell ta correspond to the :ater table level. 
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In order t 	t1ie v.ater --evels in the ?ipes could 	read 

ePsily a reduoed press , lre manometrio s-btem ;:as constructed, plate (2.3.0. 

Ffte gla- s raanifolds each ic1 threc etems coritt to the pieLometors bâ 

short olastic tue. The fourth steu -vas conncotel ta a longer riece of 

t - ibing, the lowal. er_a of wnich was immersel below the 	Uvel in the 

1 " dia. :: , ottel tube. The whdi.e system -vas contin:ous and connected te 

t i atmcspere throuh glass A sui-urbi e 1 .eduction of pressure in 

the systez ceused the .:.e.ter to ri se into the 	stems wher-.: their 

differential head 72. coull readily be measured. The manoeters -eére only 

fitted at tha centre 1.osition and on the eight poeitions on the outer 

circumferece. 

DvriLg the install,-tion 02 a piezometer, a rani rod -cas used to 

Ltiffen the pipe :ond 	to prevent peat from entering the :;_o•r end. 

Lifter ital1ation it via s observed that the resoonzse tin; e of the wat.Jr 

in z._:»Ls:; 	to cLargee of the ater 	level, wêts sioJ. 

The ramrod 	fGain euployed ta create 3 " lorg cavitiç:s.oela'J tha 

ni .ezometer. 1:v;ipted lc:nf;thb of steel -  wool werc- then guided clown the 

biz.ee 	tne oavitles. 51.....b2 -cquently the res:ionne time of -bre uator 

to an i7noced dispIacement c .2 :bc, -.1-!; I " 	, neralif hot lon^;or 

than 2ifteen 

r2 .17D manometerz 	nodifted at a _Later i;_ate, bines 	syste 

made entirely from :ri:lass. - as hot idcal for th,:. ';reatmant eDcejved tn 

the4 r stalltion. In the final design the uanioliel uere uade from 

stems no loner than ". These uera attached to tha 

rieznerz by lond;er -clastio tubes vihich theuselves rableced.the mano-

metric stems. 2he glas:: valve was retained but its fort.ho:tend 

etem 	connacted ta th copper heaJ. by a r,hort lan;i:th of the plastic 

Pire. This final solution .::as vert robust. 
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:::37onlyuric Installation 
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2.3(vi) Phe measurement of temperature and And  

A Hegretti and Zambra iMersteer type hygrometer uas used to 

measure and record continuously the wet and dry bulb temperatures Of two 

thermometers housed in a Stevenson screen,their range -7E.s from -10°C to 

+40°C.The Stevenson screen was sited a short distance from the hut at Dun 

Moss ana the recorder was situated inside the hut.The paper dise charte 

rPre chanked weekly. 

The run of wind Aas measured with a Liunro cup contact anemometer 

situated trenty feet above the ground on a guyed - 2" dia. steel mast. 

The instrument operates by rotUlng a worm gear which momentarily 

closes a mercury suitch for every 0.05 mile of wind.The number of contacts 

was recordad by the Evershed and Vignoles event recorder.This recorder 

operates at.a. roll chart spÉ.ed of 2" per hour.It -ras foun3. that the 

initii frequency of contacts ras excessiveitherefore a atepping 

relay ra3 introduced into th ,,; circuit with the recuit thaL the 

deflactions of the pen on :the chart occurred for every0.5 mile of wind 

redable record Of average wind speede up to 40 m.p.h. -  ras then 

produced.The current -7as supplied by a unit of four 6 volt dry batteries 

connected in .series.These,under Optiaum conaitions,last longer than 

three monthi:. 


