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c THE MEASUREMENT OF SOIL MOISTURE BY HEAT DIFFUSION 

SUMMARY 

This report describes the development 
and testmg of several expermental forms of 
moisture measurmg cells to be embedded in 
the ground for the permd,c measurement of 
so11 masture and temperature All of the 
devices Included in this study were of the 
“heat dlffusmn” type ,n whIchthe temperature 
rise of an electrxally actxvated heat source, 
surrounded by so& was measured by a sen- 
sltlve temperature measurmg device The 
temperature dlfferentlal was used as an 
lndlcatlon of sol1 moisture content The 
operatmn was based upon the prmclple that 
the rate of heat transmlssmn through a so11 
mass var~e.s wzth the moxture content of the 
SO11 

Three general forms of the heat d,ff”- 
soon type cell were developed (1) a porous 
block cell 1.1 wh,ch the electrIca elements 
were embedded ln a porous medium which 
was expected to assume a moisture content 
corresponding to that of the surroundmg 5011, 
(2) a direct contact cell in which the electrIca 
elements, properly protected, were placed 
no d,rect contact with the ~011. and (3) a 
modified direct contact cell (thermal con- 
ductlvlty cell) in which the heater and the 
temperature measurmg e 1 e m e n t 5 w e r e 
separated by a portmn of the s o 11 be ~ng 
tested 

An evaluat,on of the more satisfactory 
cells lndlcated that the baslcprmclples were 
sound and that electrxal and- me c-h an, c a 1 
d,fflc”lt,es could be largely overcome 
However. certam operatmg dlfflcultles 
encountered when the cells were used m the 
so11 have not been entirely ehmmated The 
porous block cell proved unsuitable because 
a sxnple relatmnshlp between so11 moisture 
and block masture could not be o b t a ,n e d 
under varymg test condltmns The callbra- 
tmn curves of md,vxdual cells also proved 
quite sensltlve to minor var,at,ons ,n their 
constr”ctmn 

The best direct contact cell, ,n whxh 
the elements were set 11, Wood’s metal, was 
satisfactory when used x, ~011s at moisture 
contents below approvlmately the shrmkage 
11m1t Above this pant no change in c e 11 
1 e ad~ng was obtamed for changes ,n so11 
mo,sture 

The thermal conductlvlty type proved 
to be the most satisfactory of the cells 
developed. although with high-shrmkage 
so& good contact between the so11 and cell 

could not be mamtamed durmg laboratory 
dry,ng cycles It 1s beheved that wulth 
modlficatlon and under field condltlons, 
whl c h may be less severe as far as sol1 
shrmkage 1s concerned, this cell may be 
made to operate successfully 

Although the fmal objective of t hl s 
prolect has not yet been reached. the study 
has contributed measurably to the fund of 
knowledge an so11 moisture measurmg 
equipment More than fifty moisture cells 
of different constructmn were tested 
Some of these, although not sultable o v e r 
the entlre range of moisture contents en- 
countered in clvll engmeermg so11 “se, may 
be useful in lmxted applxatmns or for 
specific purposes 

INTRODUCTION 

The effect of so11 moisture varlatmn 
upon the structural propertIes of 5011s 1s a 
primary conslderatlon III the de s 1 g n and 
mamtenance of hlghways and aIrport runways 
Vertical and lateral movements of moisture 
mso~ls are believed to be conslderably 
Influenced bytemperature gradwnts through- 
out the soil. and althoughnot fully understood. 
the Importance of this phenomenon to pave- 
ment performance 1s well recogmzed Co*- 
slderable progress XI the understandmg of 
the entlre sol1 moisture problem could be 
made If there were avaIlable a s,mple and 
rehable measunng dev,ce wh,ch could pro- 
vlde contmuous records of so11 moisture and 
temperature III any desired locatmn 

Such lnfor Matson accumulated and 
studled for various so11 types over an 
extensive permd of txne would md,cate the 
range of moisture content to be expected for 
any partxular so11 and locatmn The deter- 
mmatlons of so11 bearmg value, shearmg 
strength, and other propertIes required far 
the ratIona drslgn of pavements could then 
be based upon observed or predIctable moms - 
ture contents Smce the supportmg power of 
a subgrade sol1 directly Influences the type, 
thickness, and character of superxnposed 
pavements provided to support design wheel 
loads, the xnportance of authentic so11 11101s - 
ture mformatmn III axport pavmg de s 1 g n 
cannot be overemphasized 

Present methods of obtalnlng so,1 
moisture data require the removal of so,1 
samples by drlllmg - through a pavement 
when necessary - and determmmg the n,o~s- 
ture content of the samples 1” the laboratory 
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Th,s method ,s costly and cumbersome and 
does not lend ,tself read,ly to the accumula- 
t,on of mass data The removal of samples 
alsodestroys the so11 structure and prevents 
successive readmgs at a spec,f,c locat,on 

A prelxmnary study ,n d, c ate d that 
numero”~ attempts had been made pr,nc,pally 
,n the agncultural field, to develop a con- 
tmuous-readmg mo,sture device None of 
these had been satxfactory Most of these 
dev,ces, referred to as mo,sture cells. 
depended upon meas”r,ng the varlat,ons ,n 
electrlcal resistance of so,1 due to changes 
1” molst”re content In actual f,eld test,ng. 
usmg the resistance type cell far measurmg 
subgrade mo,st”re. ,t was found that even 
sl,ght changes ,n the chermcal compos,tmn of 
so,1 affected the accuracy of the measurmg 
cell Further, these cells proved to be 
,neff,c,ent at mo,st”re contents above the 
f,eld mo,sture equivalent of the so,1 I” no 
prev,o”s mo,sture cell development was any 
provls~on made for obtammg so11 tempera- 
ture readmgs concurrently w , t h mo,sture 
determ,nat,ons 

After a thorough study of the avallable 
d at a concermng s o I 1 mmsture-measurmg 
eq”,pment and methods. the Techmcal 
Development and Evaluat,on Center under- 
took the development of a dev,ce wh,ch (when 
once embedded ,n a requ,red locatmn) could, 
bysmple mstrumentatmn, prov,de long-term 
records of so,1 mo,st”re and temperature at 
any des,red t,me mtervals 

The mo,st”re cells descr,bed ,n th,s 
report have evolved as a result of extens,ve 
study and expenmentatmn over the past four 
years For the purpose of record, and to 
emphas,ze the problems encountered durmg 
th,s study, all of the bas,c cell types and 
var,at,ons w,ll be dIscussed Other than 
those u 5 e d for purely exploratory testmg, 
the cells descr,bed fall mto three general 
categor,es (1) porous block cell, ,n wh,ch 
the cell elements are set ,n a porous block 
des,gned to ,ndlcate the mo,st”re content of 
the surroundmg so,l, (2) d,rect contact cell, 
,n wh,ch properly protected elements are 
placed ,n d,rect contact w,th the so,l. and 
(3) thermal conduct,v,ty cell, a mod,f,ca- 
t,on of the d,rect contact cell ,n wh,ch the 
thermal conduct,v,ty of the so,1 ,s more 
directly used to,nd,cateits mo,sture 
content 

BASIC FEATURES OF THE 
MOISTURE CELL 

The mo,sture cells descr,bed I,, th,s 

report are 
suggested 
operat,on IS 

mod,f,catlons of,. des,gn . 
by Shaw and Baver The,r 
based upon the pr,nc,ple that 

the heat conduct,v,ty ot so,1 w,ll vary II, a 
f,xed relatmnsh,p w,th the mo,sture content 
of the so,1 The the I m a 1 conduct,v,ty of 
so,ls as related to density. mo,sture content, 
and teypfrature has been reported by 
others ’ When dry, so,1 acts as a heat- 
,nsulat,ng med,um Consequently, heat 
apphed to a source surrounded by dry so,1 
would not be read,ly d,ss,pated As a result 
a considerable temperature r,se takes place 
at the heat source Conversely. w,th a wet 
so,1 the heat would be conducted away from 
the so”,-ce more rap,dly and result ,n a 
smaller temperature r,se To ut,l,ze th,s 
prmclple ,t was necessary that three ,mpor- 
tant ,tems be prowded (I) a regulated heat 
scaurce from wh,ch the amount of heat 
d,ff”sed Into the s”rround,ng so11 could be 
measured, (2) a method for meas”r,ng t:.e 
temperature r,se of the heat source. and 
(3) ,nstrumentat,on and techn,q”es for 
supplymg, contrallmg, and recordmg the 
u,p”t and output values of the system and for 
convertmg the output records ,nto so,1 mo,s- 
ture values 

Controlled Heat Source 
The heat source, from wh,ch d,ffus,on 

mto the surroundmg so,1 was to be studled, 
var,ed somewhat w,th d,fferent expenmental 
cells It cons\sted pr,mar,ly of a res,stance 
w,re heater co,1 wh,ch ,n most cases 
surrounded the temperature m e a s u I-, ng 
dev,ce The two elements we,-e r,gldly f,xed 
,n relatmn to each other Dur,ng operatmn 
the heater co,1 was electrxally energ,zed bp 
battery for fIxed permds of t,me, the amount 
of current be ,ng controlled and measured 
through special metermg dev,ces The 
heater co,1 was constructed of copper-n,ckel 

1 B T Shaw and L D Baver, “He at 
Conduct,v,ty as an Index of So,1 Masture,” 
Am e r, c an Soc,ety of Agronomy Journal, 
Vol 31, pp 886-891, October 1939 

2 M,les S Kersten, “The Thermal 
Cond”ct,v,ty of So,ls.” Proceedmgs H,ehway , 
Research Board, Vol 28, pp 391-409. 1948 

3 Harrison E Patten, “Heat Transfer- 
ence ,n So,ls,” U S Department of Agr,- 
culture, Bureau of So,ls. Bullet,” No 59, 
1909 
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Fig 1 Electrical Control and Indlcatmg Meter 

alloy Wire, the resistance of wh,ch did not 
change appreciably over the temperature 
range employed m this study 

Temperature Measuring Device 
The temperature mdxcatmg element 

used m all but one of4the cells was a Western 
Electric Thermistor properly attached to a 
current measurmg c,rcu,t and meter The 
meter readmgs, I” m~croamperes, can be 
converted readily to temperature values by 
the use of callbratmn charts The thermls- 
tor IS a standard product used extensively 
I” commerc,al and sc,enttlf,c work and IS 
supplled m a variety of sizes and shapes 
It conssts of a selected combmatlon of at 
least two metallic oxldes which, when 
properly combined and compressed, become 
a temperature measuring element of extreme 
sensltlvlty The thernxstors used m this 
study had the ablllty to change thelr electrIca 

4J A Becker, C B Green, and 
G L Pearson, “PropertIes and Uses of 
Therrmstors - Thermally Sensltlve Rcs~s- 
to=*,” Electrical Engmeermg, November 
1946 

resistances from 68 to 3,300 ohms for 
temperatures ranging from 100 to 0°C 
Th,s h,gh sensltlvlty combmed with unlformlty 
and reproduc,b,hty of performance make 
thl 5 device well suIted for mdlcatzng the 
mmor temperature varlatmns of the heater 
co 11 which would accompany only s 11 g ht 
changes ,n amblent so11 moisture content 

Electrical Control and Indlcatmg Meter. 

The mdlcatmg meter used with the 
moisture c e 11s was common to all of the 
cells tested The system was designed to 
mdlcate temperatures of the thermstors to 
an accuracy of 0 1- c The current flow 
to the the r m I s t o r durmg actlvatmn for 
readmg was lmnted to a” amount that would 
not change the operatmg charactenstlcs of 
the thermistors The entlr e system was 
constructed sothat Itwould be easilyportable 
and able to wIthstand normal field use The 
meter, together with a schematIc w~rmg 
diagram of Its electrical clrcults, IS shown 
m Fig 1. The electrIca system of the 
metermg dewce embodles two separate 
clrcults, a heatmg clrcult and a temperature 
clrcult The heatmg cxrcult consxtmg of a 
battery. me t e r, and variable resistors 1s 
further dxvlded ,nt o two systems one 
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Fig 2 Typical Thermistor Operatmg 
Characterlstlcs 

provldmg the Input supply to the heatmg 
CC& the other provldmg an extremely 
sensltlve method for controllmg the Input 

When the voltage drop across the 
reslstor R ,“st equals the voltage of the 
c0**ta*t &age cell, the current has a 
predetermmed fixed magnitude of 310 
mlllximperes (ma) The accuracy of the 
resistor. the sensltlvlty of the meter, and 
the constancy of the voltage cell control the 
preclsmn by which the heater current can be 
mdlcated In effect. one dlvlsmn on the 
heater current meter scale IS expanded over 
the whole range of the precise heater control 
mdlcator, allowmg extreme accuracy in the 
control of the heating current Input. 

The temperature clrcult IS an uncon- 
venttonal bridge clrcult usmg two constant 
voltage batteries with the thermistor as the 

temperature sensmg device T h, s design . 
permits veryaccurate temperature readmgs 
The reslstance m the arms R3 and R4 IS 
tapped and connected to a control switch 
pernnttmgthe readmg of therrmstor temper- 
atures over a total range of rmnus 20” C to 
plus 1Ol0 c SIX overlappmg full scale 
mcrements of 21’C are used over this 
range 

Operation 
In operatmn, the lead wires from the 

meter are attached to the proper leads of the 
cell assembly The mltlal temperature of 
the cell IS determmed by measuring the 
current across the bridge I” mIcroamperes 
and convertmg to degrees centigrade by 
means of cahbratmn tables This IS the 
exlstmg temperature of the sol1 The heater 
co11 IS then energized by passmg a fIxed 
current of 310 ma through It for a prede- 
termmed txne (usually two or five mmutes) 
at the end of which permd the final tempera- 
ture 1s deternnned The temperature 
dlfferentlal thus obtamed 1s utlllzed as an 
mdex of the dlffusmn of heat from the heatmg 
CO11 

Fig 2 shows typlcal relatmnshlps 
between so11 moisture, time of actlvatmg 
the heater ~011. and temperature ruse as 
lndlcated by the thermistor. From such 
data, optxnum heatmg time for any cell can 
be determlned 

TESTING PROCEDURES 

Allof the assembledmolsture cells and 
their component parts were tested by usmg 
certan general procedures Specific testmg 
required to evaluate certam cells 1s mcluded 
with the descrlptxon of the particular cells 

All heatmg co11 and thermistor sub- 
assemblies were subJected to resistance 
measurements before flnal assembly 
Resistance values varied with different cell 
designs. but m all cases the tolerance was 
lxruted to a value of + 0 03 per cent The 
plastic msulatlon cavermg each heater ~011, 
for which a rmnlmum leakage r e s 1 s t an c e 
requirement of 100. 000 ohms was specified. 
was tested by partxally lmmersmg the sdb- 
assembly ln water and measuring the rests- 
taxes between the heatmg arcu,t and the 

, 

thermistor clrcult and between each of these 
arcults and the water 1 

The accuracy of the thermistor as a 
temperature mdlcahng device was checked 
by lmmersmg the heating co11 and thermistor 
assembly I* a water bath, the temperature of 
which could be accurately controlled SatIs - 
factory agreement was obtamed between the 
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electrIca measurements and the standard 
thermometer measurements of the water 
bath over a range of 0 to 75” C 

The scope of the testmg of the assem- 
bledmolsture cells varxd as the development 
progressed Cells showng promise we r e 
t e s t e d more fully than those found to be 
“nsatlsfactory In prelmlmary tests Even- 
tually a procedure was establlshed by which 
the posslbllltles of a cell could be determmed 
by sxnple controlled exploratory tests 
Although some modlflcatmns were made for 
spec1fw tests, the general procedure for 
testmg a new cell was to place 1t success1ve1y 
in water. loosely compacted ~011, sol1 
molded to controlled density, and selected 
f 1 e 1 d locatmns Perlodlc readmgs of the 
cells were made under different condltmns 
of moisture and temperature 

The basx so,1 used ,n these studies 1s 
a clay loam obtamed f ram the Weir Cook 
Alrport at Indlanapolls The properties of 
this so,1 are 

Gradatmn - 32 per cent sand, 38 per 
cent s,lt, 30 per cent clay 

Maxmnun density (Proctor) - 116 pounds 
per cubx foot 

optimum moisture - 14 0 per cent 
Llquld lxnlt - 30 0 
Plastlclty Index - 14 0 
ShrInkage lmnt - 13 2 
pH-8 0 

Certam of the more prormsmg types 
of cells also were tested 11, a sandy loam 
obtamed by blendmg 70 per cent sand w,th 
30 per cent of the clay loam The fractmn 
of so11 passmg the No. 10 s1ev.z was used I,, 
all cases 

The equipment used to prepare the 
laboratory samples in which the cells were 
tested 1s shown in Fxg 3 Item A IS a can, 
3 3/4 Inches ,n diameter and 2 l/2 mches 
high, used to contam the sample during 
tests A hole was cut I,, the bottom of the 
can for InsertIon of the c e 11 to be tested 
Item B 1s a 3 3/4-Inch diameter steel mold 
for contammg the can and sol1 dur,ng com- 
pa&on. Item C 1s an alum,n”m rmg used 
to obtam a close f,t around the projectmg 
portmn of the cell so that the cell and sol1 
can be properly sealed Item D shows the 
sealed assembly, usmg one type of moisture 
cell, ready for testmg 

In preparmg the test sample the so,1 
first was combmed with the desired amount 
of water and allowed to slake 11, sealed cans 
for approxxnately two weeks prior to testmg 
in a m 01 s t cabmet w,th temperature con- 
trolled After slakmg, the amount of moist 

Fig 3 Equipment Used For Preparmg 
Laboratory Sol1 Test Samples 

sol1 necessary to produce a sample of re- 
qulred density was placed in the can, the 
whole Inserted in the metal mold. and the 
sol1 compacted to a predetermmed height by 
static loadmg applied through the medium of 
a hydrauhc laboratory press 

After compactmnthe sollcontamer was 
removed from the supportmg mold, and the 
top was sealed in place A hole slightly 
smaller than the cell to be tested was then 
bored ln the sol1 through the clrcuiar openmg 
in the bottom of the can. and the cell care- 
fully Inserted A slight pressure was 
required to Introduce the c e 11, mdzcatmg 
mtmnate contact between the c e 11 and the 
SO11 The alummum nng was placed over 
the protrudmg portmn of the cell, and al 1 
openmgs were thoroughly sealed with a m,x- 
ture of hot beeswax and paraffm In this 
manner both the sol1 and the moisture meas- 
urmg dewce were sealed wlthm an ~mper- 
“lo”* contamer. assurmg a constant moisture 
content durmg testmg 

Meter readmgs of the embedded cells 
were begun at fxed permds after moldmg, 
dependmg upon the type cell bemg tested 
Readmgs usually were made at twotempera- 
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tures of the sample, 35 and 70” F In more 
Severe tests the moisture content of the 
sample was read perlodxally during 
alternate drymg and wettmg cycles 

Eor the drymg cycle, the sample was 
uncovered and allowed to dry, for the wettmg 
cycle, moisture was added In mcrements up 
to saturation At each point during the 
moisture varlatlon, the meter was read and 
the test assembly welghed From this the 
moisture content mdxated by the moisture 
c e 11 could be checked agamst the actual 
moisture content determmed from the wet 
and dry weight of the sample upon com- 
pletlon of the meter readmgs of any one sol1 
sample, the sample was carefullyd~smantled 
and representative portlons selected f r o m 
which the average moisture content of the 
so11 surroundmg the cell was determmed by 
drymg to constantwelght m anoven at 110” C 

POROUS BLOCK MOISTURE CELL 

The “porous block” moisture cell, as 
dlscussed In this report, refers to the type 
of cell m which the component parts were 
enclosed wlthm a porous block It was be- 
lleved that, when surrounded by moist ~011, 
the moisture content of the block would reach 
equlhbrlum with that of the sol1 and that 
subsequent fluctuations of so11 m o I s t u r e 
would be reflected by correspondmg changes 
m the moisture content of the porous block 
Should It be estabhshed that the moisture 
content of the block and that of Its surround- 
mg so11 were related to each other directly. 
the constant and reproducible characterlstxs 
of the block would offer a more desirable 
medium for measurmg fluctuations In so11 
moisture than would the so11 Itself A 
desirable feature of this de s I gn was the 
physlcal protectlon afforded to the rneasur- 
mg elements by the porous block 

Plaster of Paris Block 
The first porous medium studled was a 

special form of plaster of Paris known 
commercially as. Hydrocal The “se of this 
material was consIdered advantageous be- 
cause Its lmportantpropertles (particle slae, 
chermcal cornposItIon. and affmltyfor water) 
were constant, r e ad I 1 y predxtable, and 
s”bJect to accurate measurement 

Unfortunately. laboratory tests showed 
that the blocks did not follow closely the 
surroundmg so11 moisture, there bemg con- 
slderable lag m the response of the block to 
the sollmo~sture changes A further serious 
disadvantage to the “se of the p 1 as t e r of 
Paris block was Its solublllty m w ate r 
When burled ln moist so11 It would be only a 

matter of tmx before the block would be 
s 

dissolved by ground water, leaving the 
measurmg elements free In a cavity m the 
so11 The plaster of Paris block, therefore, 
was used only as an expedient to test various 
cell components until such txne as a more 
sultable porous material could be found 
For this purpose Its use was satisfactory 

Usmg Hydrocal as a beddmg material, 
laboratory tests were performed to deter- 
mme the m o s t efflclent form of moisture 
cell constructlon with respect to size and 
type of temperature measurmg elements 
(Therrmstor Nos 1-A. 14-A. 17-A, and 
a Bendlr-Frlee Thermogage), method of 
supportmg the heater ~011, resistance of the 
heater ~011, location of the electrxcal 
elements m relation to each other, and the 
shape and size of blocks The more 
Important of these desrgns are shown m 
Fig. 4 

From these tests It was found that the 
Thermistor Type 17-A was the most satIs- 
factory temperature measurmg element and 
that the nearest approach to temperature 
equlllbrlum between the thermistor and the 
heater co11 could be obtamed by locatmg the 
heater co11 symmetrically around the therm- 
lstor with a mnnmum of mass betweenthem 
Maulmum accuracy could be obtamed usmg 
a self-supported heatmg co11 wound with 
16-ohm reslstance wire cemented around the 
thermzstor Varlatlons m the dxnenslons 
and shapes of the blocks used m these tests 
were not crltlcalwhen usmg a heatmg period 
of two mmutes or less 

Alundum Block 
Durmg the te s tlng period In which 

Hydrocal was used to enclose the cell, 
mvestlgatlons were made to determme the : 
avallablhty of other durable, non-soluble, 
porous materials that might simulate the 
moisture absorbmg propertves of sol1 The 
most sultable material found was alundum, 
manufactured by the No 11 ton Company. 
Worcester, Mass A speczal nnxture was 
selected which when molded, compressed, * 
and fIred closely duphcated the gram size 
cornposItIon of clay loam so11 In this manner 
It was hoped to obtam a stable material 
havmg a capillary potential emnlar to that 
of an average sol1 

, 

Inltlal testing tndlcated that the 
alundum b 1 o c k readily absorbed moisture d 
from surroundmg ~011s when the moisture 
content of such s 011s was relatively high 
A conslderable lag was evident, howevrr. 
before the moisture content of the block and 
surroundmg so11 reached cqulllbrlum at lox> 
or medium mo,sture contents This condillon 
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Fig 4 Different Forms of Hydrocal Block Cells 

was particularly apparent with fine gramed. 
blgh capillary so& Moisture equlllbrlum 
was more nearly obtamed durmg we ttlng 
cycles than durmg drymg cycles with all of 
the ~011s tested 

Efforts were contmued m an attempt 
to xnprove the characterztlcs of the porous 
blocks Different mixtures of alundum were 
us e d In order to study blocks of different 
densities and correspondmg rates of moms- 
ture absorption The most satisfactory was 
a mixture contammg 50 to 55 per cent ar 
voids. designated by the manufacturer as 
Alundum Type RA 1155 

The general form of the alundum 
block cell and the location of Its component 
parts followed the same pattern as developed 
for the Hydrocal block The co11 was wound 
directly around the thermistor and Inserted 
through a hole Into the center of the block at 
a posltlon equldlstant from the s DDE s and 
bottom of the block The thermistor and 
heater co11 assembly were Insulated agamst 
moisture penetration by dip treatmg with a 
llquldplastlc anddrymg m a low temperature 
oven before msertmg into the block The 
electrlcal elements were securely cemented 
Into the block by a commercial nonshrmkmg 
bondmg agent. X-Pandotlte Cement 

Laboratory testmg revealed se ve r al 
weaknesses m this type of cell The lnsula- 
tlon of the electncal elements agamst moms- 
ture was unsatisfactory and the heat transfer 
propertles of the bonding cement were 
extremely variable, due to the dlffxulty of 

obtammg a urnform apphcatlon w it hl n the 
small area avaIlable Further. the cost of 
w~ndlng and msulatmg the self-supported 
form of heater co11 was excessive These 
disadvantages combmed to cause the aban- 
donment of this particular form of the porous 
block cell 

After conslderable study and expert- 
mentatlon. the alundum tlock cell was 
modified to the form shown m Fig 5 The 
added feature of this cell was a melamme 
plastic mandrel, open at the top, the mslde 
diameter of which closely approxxnated that 
of the thermistor umt The thermistor was 
inserted mto the mandrel at a selected loca- 
tlon and secured In place by a plastic com- 
pound apphed m llquld form and hardened 
by oven heatmg at a temperature of 125’ C 
The heater was wound around the mandrel 
tubing and symmetrically located wvlth 
respect to the thermistor 

The portmn of the mandrel around 
which the heater co11 was wound had been 
molded to a wall thickness of 0 015 Inch in 
order to mxnmlze the distance between the 
heater co11 and the thermistor Testmg of 
this fabrlcatlon (prior to assembly)~nd~ated 
that good heat transfer was possible through 
the plastic mandrel wall and that no trouble 
should be expected from the heat msulatlng 
characterlstxs of the cementmg material, 
smce this appllcatlon could be kept to a very 
small thickness 

When completely assembled and 
firmly flxed to the mandrel, the cell unit 
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Fig 5 Alundum Block Cell - Co11 Wound 
on Mandrel 

was Inserted mto the alundum block and 
cemented mto place There were used for 
this purpose several different pottmg com- 
pounds mcludmg X-PandoMe, Smooth-On 
(a powdered iron and graphite mlxture), and 
Sllastlc (a silicone rubber compound). A 
snug-flttmg bell cap was cemented over the 
top of the mandrel for the purpose of contam- 
mg and dlrectmg lead w,res from the cell to 
the recordmg meter The lead wires were 
thoroughly molstureproofed and pl a c e d III 
Saran tubmg. The detailed assembly of 
this form of cell 1s Illustrated in Fig 6 

The Alundum Type RA 1155 block cell 
was sub,ected to extensive laboratory 
testmg Sandy loam and clay loam s 011s 

were us e d at amblent temperatures of 35 . 
and 70°F. with different moisture 
contents A two-mmute heatmg permd was 
used for obtammg the temperature ruse of I 
the cell 

Under these severe testmg condltmns 
several weaknesses III the operation of the 
porous block cell were revealed In order 
that a cell of th,s form operate successfully. 

x 

FLY 6 Detail and Assembly Views of the 
Fmal Desqn of Alundum Block Cell 
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Fig 7 Operatmg Characterlstlcs of the Alundum Block Molsture Cell ~‘““:~ZZJ 

It 1s necessary that there be a simple 
relatmnshlp between the moisture content 
of the porous block and the surrounding sol1 
and between the moisture content of the 
block and the temperature rise of the heatmg 
element 

The relatmnshlp between the moisture 
content of the block and that of the surround- 
mg sol1 proved to be qute complex, being 
dependent upon sol1 type, sol1 conditmn, and 
amblent temperature See Fig 7A The 
relatmnshlp between the temperature rise of 
the heater co11 and the molsture content of 
the block was satisfactory for ~ndlvldual 
blocks, but because of slight physlcal 
differences In the block and ceI1 construction. 
this relatmnshxp varied conslderably between 
different cells (as shown In Fig 7B). As a 
result of these tests It was apparent that the 
porous block cell was not generally appllc- 
able unless lndlvldual cells were calibrated 
for each soil andtemperature condltmn to be 

tested Such procedure would be lmpractlcal 
In an effort to provide a porous 

medium w h 1 c h would mantam a s 1 m p 1 e 
relatmnshlp with the sol1 under different 
condltmns of test. the alundum blocks were 
replaced by blocks made of sol1 cement 
In all other respects the cells were ldentlcal 
to those prevmusly tested The sol1 used 
for moldmg the blocks was the same as that 
In which the cell was to be tested Blocks 
of different de n s I tl e s were molded usmg 
three degrees of cement treatment, 15, 20. 
and 25 per cent based on the dry weight of 
the sol1 The Sal-cement blocks, however, 
proved to be no more satisfactory than those 
of alundum and had the added disadvantage 
of bemg less durable 

In addltlon to the basic faults of the 
alundum block cell, several structural 
weaknesses were revealed during laboratory 
and llmlted field testing These were poor 
electrlcal rmulationwhlchcaused the cells to 
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when enerelzed for short Dermds of tune short out when subJected to prolonged mois- 
ture attack, poor thermal conductlvlty of the 
cementmg material. varlatlon m the perfor- 
mance of sxmlar cells due to nonuniformity 
of densItyin the cementing materials used to 
seal the elements m the block, and shrmkage 
of the cement surroundmg the heater ~011. 
which shrmkage adversely affected the 
rellablllty and reproduclblllty of the results. 

Although It IS possible that some of the 
structural faults and differences mmdlvldual 
cell constructmn could be ehmmated by 
unproved fabrlcatlon methods or by the use 
of larger cells, the basic dlfflcultles 
appeared to Involve the relationshIp between 
the block and the so11 For this reason It 
was declded to explore the posslblllty of 
usmg a direct contact form of cell in whxh 
there would be no porous medium between 
the sol1 and the cell 

DIRECT CONTACT MOISTURE CELL 

In the “direct contact” moisture cell 
no porous mtermedlate was placed between 
the so11 and the electrIca measuring 
elements Instead, these elements were 
enclosed by a protective material with high 
thermal conductlvlty and designed to provide 
lntxnate contact between the sol1 and the cell 
and between the electrIca elements of the 
cell In order that detrImenta air voids 
adJacent to the heater co11 and therrmstor 
could be elumnated or held to a nnnunum 

The fabrlcatlon of the direct contact 
type of cell entalled a conslderable amount 
of special mvestigatlon relative to the 
dlmensmns and electrical resistance pro- 
pertles of thernnstors, the characterlstlcs 
of the heater ~011, particularly as to type of 
winding and apphcablhty of different wire 
sizes, and the thermal condductlvxty values 
of available msulatmg materials In an 
effort to prevent the occurrence of air 
bubbles wlthln the assembly, a study was 
made to determine the adaptabIlIty of various 
mert fillers for this purpose 

In order to fulfill the basic require- 
ments of the moisture cell, It was necessary 
that the heat generated m the heater co11 be 
transmltted rapidly to the surroundmg 
material and that the collwlre be electrically 
Insulated frcm all elements with which It 
rmght come In contact The most efficient 
type of material fox this purpose, therefore, 
would be one havmg high electrIca msula- 
tlng propertles combmed with good heat- 
conductmg characterlstlcs 

To determme the sultabllltyof different 
Insulating materials. ~011s were Insulated 
with different materials and tested with the 
thermistor for rate of change of temperature 

Durmg these tests several materials proved 
to be good heat conductors when tested In 
air but falled to provide satisfactory a 
electrical msulatmn when tested m water 
The most satisfactory Insulator was a 
commercial air drymg varmsh known as 
F0rXWar Best results were obtamed with 
three dlppmgs m the varrush, each appllca- 
tlon bemg followed by oven drying This 
method of treatment gave a coating of about L 
twice the thickness of a single apphcatlon 
and was used with most of the dxrect contact 
cells tested. 

Different m e t a 111 c materials we r e 
considered for enclosing the electrIca -* 
elements m order to provide rapId heat 
transfer to the surroundmg sol1 The 
designs were modified as lnvestlgatlon 
proceeded. The cells were tested m the 
same manner as were the porous block type, 
usmg the clay loam and sandy loam at 
ambient temperatures of 70 and 35’ F. 

In the first form of direct contact cell, 
the electrical elements were encased and 
supported by the same type of plastic man- 
drel as that used in the alundum block cell 
The protective covermg used was Smooth-On 
No 12. a metallic cement conslstmg largely 
of mmute Iron partxcles, graphlte. and a 
cementmg agent This cement had been 
used successfully as a heat-conducting 
material m numerous industrial appllcatlons 
and was generally consIdered to be a satls- 
factory waterproofing medium Severe 
laboratory testing showed, however. that 
there was conslderable water lnflltratmn 
through the material. which destroyed the 
effectiveness of the cells 

The next form of cell utlllzed a thm- 
walled copper cup (0.01 Inch thick) to cover 
and protect the heater co11 and therrmstor 
The use of copper provided a supermr 
heat-conductmg material as well as a 
durable medium for maklng contact with the 
SO11 In this design a larger sued thermis- 
tor (Type 16-A) was used This thermistor 
was approximately 0 4 inch in diameter and . 
0.2 inch thick Bakellte discs, of a diameter 
equal to the diameter of the thermistor plus 
twice the thickness of the heater co11 wire. 
were cemented concentrically to the top and 
bottom of the thermistor This arrangement 

, 

greatly facllltated the wmdmg of the co11 
directly on the thermistor and, through the 4 
msulatron effect of the Bakelite, tended to 
channel the flow of heat directly from the 
heater co11 to the thermistor The top of the 
cup was sealed with a circular neoprene 
rubber plug provided with holes through 
which the lead wires from the thernnstor 
and heater coil could be passed. 
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Fig 8 Copper Cup Enclosed Direct 

Contact Cell 

=lg 8 Illustrates one form of the 
copper cup cell In this design the copper 
cup had an mslde diameter Just large enough 
to allow a slip fit over the electrIca assem- 
bly. The heater co11 was cemented to the 

thermistor with Scatchweld ins ulatlon. 
DetaIled testmg of this cell mdlcated that, 
although moisture mfiltratmn to the heater 
cm1 had been mmmnzed, the cell was St111 
unsatisfactory T he prmclpal deflaency 
appeared to be the presence of variable air 
voids between the electrlcalelements and the 
copper cup This defect caused considerable 
varlatlon in the temperature rise of pre- 
sumably Identical cells under sxnllar test 
corrdltmns Durmg these tests It was found, 
due to the larger thermistor and co11 and 
possibly other physlcal characterlstlcs of 
this type of assembly, that the optimum time 
required for attammg temperature equlll- 
brlum between the thermistor and heater 
co11 was nearer a five-mmute Interval than 
the two-mmute interval used with the porous 
block cells 

The copper cup cell was redeslgned 
usmg a larger diameter cup filled with 
powdered copper as a heat transfer medium 
between the cup and the electrical elements 
This powder (preclpltated copper) was well 
tamped and vibrated mto place and appeared 
to provide a continuous metal phase between 
the cup and the heater co11 Tests showed, 
however, that very poor thermal conductance 
was obtalned with this system This mdlca- 
ted that an excessive number of air vads 
were present and that these air voids, even 
though present m a high heat-conducting 
material, were sufflclent to reduce thermal 
conductance This same type cell was tested 
usmg Smooth-On m place of the powdered 
copper, but this design also proved to be 
unsatisfactory 

In an effort to ehmmate a 1 I Y o 1 d s 
wlthm the cell assembly, electrlcal trans- 
former fluids were studled for possible use 
as fillers In this design, a copper tube 
covered at the top and bottom with Bakelite 
discs was used to enclose the cells From 
the top disc a perforated Bakellte thm- 
walled cylmder proJected mto the tube to 
support the heater co11 When wound around 
this circular support the heater coil was 
located equldlstant between the copper tube 
and the thermistor Two commercial trans- 
former fluids, Inerteen and Aroclor, were 
s e le c t e d for their high heat-transmitting 
characterlstlcs and were tried as fillers 
Sufficient liquid was used to fill the cell 
entirely when at room temperature (7O’F) 
Expansion of the hquld when heated durmg 
testing was provided for by a very thin 
rubber diaphragm located m the bottom of 
the cell Prelmnnary testmg of this type 
cell showed that the rate of heat transmlssmn 
through the llquld was low and that the pro- 
vision for expansmn was not satisfactory 
This model cell was then eliminated from 
further conslderatmn 
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Fig 9 Wood’s Metal Enclosed Direct 
Contact Cell (Design 1) 

The next form of cell tested IS shown 
n-a Fig 9 In this design the electrIca 
elements were enclosed m a fusible alloy 
known as Wood’s metal The heater co11 was 

supported around aThermistor Type 16-A by 
a thm-walled copper tube slotted at s~xplace~ 
around the circumference to allow easlcr 
placement of the sealing material The 
therrmstor was Insulated by repeateddlppmg 
In Formvar (diluted with a solvent to a 
solution contaming tenper cent solld content) 
with a bakmg permd following each applica- 
tion The heater co11 was msulated with a 
tetrafluoro ethylene synthetic resm, deslg- 
nated commerczally as Teflon After 
winding. the co11 assembly was further 
treated with Formvar The assembly was 
then centered In a mold, and llquld Wood’s 
metal, at a temperature of approxxnately 
120” c, was poured around It The lead 
wires were sealed In a Bakehte cover fllled 
with Biwax pottmg compound 

Initial tests Indicated that the thickness 
of Wood’s metal was too great, resultmg m 
cells of an unnecessarily large mass from 
the standpant of rapId heat transfer The 
Wood’s metal support was reduced m dla- 
meter to 0 579 inch but the mass was still 
too great The cell was redesIgned using a 
smaller Thermistor Type 17-A (0 200 Inch 
In diameter by 0 03125 Inch thick), which 
allowed an over-all cell diameter of only 
0 40 Inch. This form of the cell was quite 
promismg, and different varlatmns m Its 
detalled constructmn were studled m order 
to obtam optimum operatlng characterlstxs 

Further experimentatmn mdlcated that 
easier and more uniform applxatmn of the 
Wood’s metal could be made if the thermistor 
was turned on edge A cell of this type was 
modified by soldermg copper fins to the 
Wood’s metal in an attempt to increase the 
contact area between the cell and the so11 
No appreciable benefit was derived from this 
varlatmn The design was later modifxed by 
replacmg the pronged co11 support by an 
accurately turned copper mandrel. This 
form IS shown in detail and assembly in 
Fig 10 In the fabrication of this model, 
the thermistor was thoroughly dip treated 
with Formvar msulatmn until It was capable 
of developing a resistance of from 10 to 30 
megohms when tested in water The heater 
co11 was made of No. 33 AWC Cupron wxe 
coated with Teflon msulation followed by an 
appllcatmn of Formvar The copper mandrel 
co11 support had an outslde diameter of 
0 280 Inch and an mslde diameter of 0 250 
Inch The assembly was rlgldly supported 
m a mold and the molten W oodl s metal poured 
around It. The pourmg of the metal was 
facllltated by the posItIon of the thermistor 
which considerably reduced the chances of 
trappmg air bubbles 

An exploded view of the prmclpalcom- 
ponents of this cell prior to sealmg wxth the 

i 

, 

L 
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Fig 10 Wood’s Metal Enclosed Direct Contact Cell (Design 3) 

Wood’s metal 1s shown in Fig 10A In this 
design a hollow rubber cap was used to en- 
close the lead wires and prov,de a seal for 
the top of the cell When assembled. the 
rubber cap was filled and sealed with Blwax 
pottmg compound. Fig 10B shows the 
assembled cellafterappl~atmnof thewood’s 
metal and with the rubber cap sealed in 
place Fig 1OC 1s a v,ew I,, wh,ch the rubber 
cap has been cut away exposmg the pottmg 
compound filler 

The performance of th,s cell was 
qute erratic When tested in sandy loam 
and clay loam, at temperatures of 35 and 
70’ F, the relatxonshlp between temperature 
rise of the cell and sollmolsture contentwas 
not consistent Instead of a smooth curve 
relatuxxhlp there were many pants of 
abnormallyhlgh temperature rise, mdlcatmg 
poor contact between the so,1 and the cell 
Studies had shown that air gaps of a magm- 
tude of even 0 001 mch would cause h,gh 
cell temperature rise. part,cularly at the 
lower so11 moisture contents At moisture 
contents above the shrmkage lmnts, the a,= 
gaps varied with fluctuatmg moisture con- 
dltmns. further reducmg the accuracy of the 
cell readmgs 

It was believed that part of the poor 
contact between the sol1 and the cell was 
attributable to the rubber m ount,ng cap 

The large overhang at the top of the Wood’s 
metal tended to prevent a tight seatmg of the 
bottom of the cell aganst the sol1 In 
addltlon. the expansmn and contractlon of 
the rubber p r o b ably caused conslderable 
movement of the cell relative to the sol1 

The cell was remodeled, revertmg 
backto the Bakellte cover (sealed wthBwax) 
ln place of the rubber cap and usmg tapered 
sides for the cell In other respects the cell 
was ldentlcal to those with rubber caps The 
basic form was further modlfled by slightly 
rounding the contact end m an effort to insure 
more mtunate contact with the sol1 and 
fmally by placmg a Bakellte panted tip on 
the contact end oi the cell This later modI- 
flcatmn allowed the cell to measure only the 
moisture characterlstlcs of the sol1 ad&went 
to the cell rather than mcludmg the soil in 
contact with the bottom which so11 may have 
been dlsturbed durmg msertmn of the cell 
None of these varlat,ons slgnlficantly affected 
the operatmn of the cell 

Concurrently w,th these cells a design 
was tested in which no direct support for the 
heater ~011 was used During fabrlcatmn the 
co11 was wound on a mandrel, cemented, and 
removed from the mandrel The Thernnstor 
Type 17-A was centered ,n the ~011, the 
assembly held rlgld by clamps, and the 
Wood’s metal cast around It In other 
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Fig 11 Operatmg Characterlstlcs of 
Typical Wood’s Metal Direct 
Contact Cells 

respects the cell was constructed the same 
as that usmg the copper tube co11 support 
Although the performance of this cell was 
satisfactory. It did not offer sufficient 
xnprovement over other designs to warrant 
the addltxonal work required for Its proper 
fabrlcatlon 

Fig 11 presents data which can be 
consldered typlcal for the Wood’s metal 
direct contact cell The curves show the 
relatlonshlps between the temperature ruse 
of two forms of cells, during an energlzmg 
perlodof five mmutes, and the correspondmg 
moisture contents for sandy loam and clay 
loam ~011s tested at temperatures of 35 and 
70” F Cell A was the form In which no 
heater co11 support was used, and Cell B 
was the form m which the co11 was wound on 
a copper tube The tests were conducted by 
msertmg the cells mto laboratory soil 
samples prepared at different moisture con- 
tents No tests were conducted In which the 
cells were read durmg continuous wettxng or 
drymg of the samples Each pomt on the 
curve represents an average value obtamed 
from three or more mdlvldual cell readings 

The results of these tests show that the 
cells performed satlsfactorlly when the so11 

moisture content did not exceed about 15 per 
cent Beyond this pomt the curves leveled 
off, the temperature rise showmg no change 
with mcreaslng moisture content This pomt l 

of leveling off corresponded to that obtalned 
when testmg the cell In water 

From the data It 1s further shown that 
the operatlon of the cells was not affected by 
5011 temperature Wlthln the lmnts of 
experimental error the 35 and 70’ F curves 
compare quite favorably However, the L 

operation of the cells was conslderably 
Influenced by the type of so11 used The 
relative posItIons of the sandy loam and 
clay loan, curves suggest that a family of 
curves would be obtamed from testmg a r 
groupof different ~011s and that the moisture 
cell would have to be calibrated for each M 
type This could be done at the txne of 
burymg the cell by obtammg one pant on 
the callbratlon curves and selectmg the 
nearest establlshed curve to that pomt 

The difference between the posltlons 
of the curves for Cells A and B was due to 
differences in the constructIon of the cells 
The temperature rise of a cell durmg a 
given heatmg period varies. among other l 

factors, with the mass of the cell Cell A 
was less massive than Cell B and had the 
higher temperature r1s.e for a given moisture 
content 

Although the Wood’s metal form of 
direct contact cell was promlsmg enough to 
warrant further study, It was not sultable In * 
Its present form for use over the range of 
moisture contents requred for c1v11 engl- 
neermg purposes Therefore, a study was 
begun to evaluate an entirely new version of 
direct contact cell In whxh the thermal con- 
ductlvlty of the so11 was utlllr,ed m a 
different way 

THERMAL CONDUCTIVITY 
MOISTURE CELL 

This design, which actually 1s another 
form of the direct contact cell, has been 
designated the “thermal conductlvlty” cell z 
because adlrect measurement of heat trans- 
mitted through so11 IS Involved m Its opera- 
tlon and callbratmn In the previously des- 
crlbed cells, the residual heat remamlng at 
the source after dlsslpatlon of applxed heat 

, 

Into the surroundmg so11 was used as a 
means of moisture measurement With the - 
thermal conductlvlty cell a portmn of the so11 
to be tested 1s located between the heat 
source and the temperature measurmg 
element 

The cell IS deslgned to enclose the 
so11 sample wlthm a hemlspherlcal heat 
source The amount of heat reachmg the 
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Fig 12 Thermal Conductlvlty Cells 
Y 
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temperature measunng element through the 
sol1 15 dependent upon C.JO factors the ther- 
mal conductlvlty of the particular s 011 
lymg between the heat source and tempera- 
ture measuring element, and the amount of 
heat dlsslpated through the surroundmg so11 
not enclosed by the cell Both of these 
factors are dependent upon the moisture 
content of the so11 

Several forms of this cell were 
tested, all usmg the same type heater co11 
and therrmstor but with the copper shells 

varymg from 2 l/2 to 5/0 Inches m diameter 
and 1 Inch to 3/g Inch m depth 

The most effxlent design of the ther- 
mal conductlvlty cell was that m which the 
hermspherlcal cup was 3/4 mch m diameter 
and 1 mch high This cell, Fig 12, 
conslsted of a hemIspherIca cup through 
the center of which a glass-enclosedTherm- 
lstor No. 3lAlOO projected. The heatmg 
co11 was wound around an open tube pro~ec- 
tmg from the top of the cup The entlre cell, 
except the bottom, was enclosed In Bakellte 
to obtam a high degree of heat msulatlon. 
The heater co11 was the same as had been 
used successfully m the Wood’s metal cells, 
Cupron wire coated with Teflon The glass- 
enclosed therrmstor was used m order to 
elxnmate the time- consummg msulatmg 
procedures prewously r e qulr ed and to 
provide a more durable msulatlon for the 
therrmstor, which In this cell 1s exposed 
directly to the so11 

The usual laboratory tests were con- 
ducted with this cell, using the clay loam 
so11 compacted to a density of 100 pounds per 
cub,c foot Testmg at 70 and 35-F showed 
the operatlon of the cells to be unaffected by 
temperature change Fig 13A shows an 
average curve of the temperature rise 
measured by four cells against correspond- 
mg moisture contents of the sol1 when the 
cells were tested at room temperature m 
mdlvldual so11 samples at dlfferent moms- 
ture contents A five-mmute heatmg period 
was used for the heater co11 The data 
mdlcated that the cells were satisfactory 
when used m so11 at moisture contents 
rangmg from air dry condltlon to saturation, 
a range satisfactory for engmeermg use 

A more severe test was next used m 
whxch the cells were placed m wet so11 and 
read perlodlcally durmg air drymg and re- 
wettmg of the so11 The operatmg character- 
lstlcs of the cells under these condltlons are 
shown m Fig 13B At the start of drymg, 
the clay loam so11 began to shrmk away from 
the edge of the hemIspherIca cup. formIng 
an air gap between the cell and the so11 At 
moisture contents below the shrinkage hmlt 
of the so11 the air gap remamed constant, 
and a satisfactory curve was obtamed for 
this portmn of the test At the end of the 
drymg cycle a sample was exammed, and the 
ali- gap between the heater and the so11 was 
clearly v 1 s I b 1 e Durmg rewettmg, the 
cahbratlon curve did not overlap the curve 
obtamed durmg drymg. thu was probably 
due to a partial closmg of the air gap by 
loose sol1 particles The difference between 
the curves for the clay loam m Figs 13A and 
138, relative to the heat rise for the same 
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Fig 13 Operatmg Characterlstlcs of the Thermal Conductlwty Cell Under Dlffferent 
Test Cond,tmns 

moisture content, can be attributed to the 
poor contact between the cell and the so,1 
durmg the drymg cycle Where air gaps 
occur ln connectron with the thermal con- 
ductlwty cell, lower than normal tempera- 
ture rises are obta,ned 

The curve obtamed durmg the drymg 
of the sandy loam was satxfactory Re- 
wettmg tests were not run on th,s sol1 As 
I= the case of the Wood’s metal cell, the 
callbratlon curves for different so,ls were 
not the same 

Although unsat,sfactory under acceler - 
ated drymg condltmns, the thermal conduc- 
tlvlty cell was the most satisfactory form of 
the heat dlffusmn type cell tested It proved 
to be sensltlve over a h,gher range of mols- 
ture contents than was the Wood’s metal 
cell Its faulty operatmn durmg accelerated 
drymg might be due to the small s,ze sol1 
sample used or to the artlflclal laboratory 
procedures Under normal field condltlons, 
where moisture dlffrrenttlal and rate of 
change are relatively low and a large 
volume of so11 1s mvolved, ,t 1s poss,ble 
that any sol1 movement due to moisture 
change would be too small to affect n,ols- 

* 

ture cell operatmns 
In Its present form the thermal con- 

ductlvlty cell 1s of extremely dell c ate 
c0nstruct10n ConsIderable care in handlmg 
would be requred were It to be used in f,eld h 
testmg 

CONCLUSIONS 

1 Several so11 moisture measuring 
devxes of the heat dlffusmn type have been 
developed w hl c h, although not entirely . 
satisfactory under all condltmns of so,1 
mo,sture, represent substantial progress 
toward the ultimate development of a satls- 
factory moisture cell. 

2 The data obtamed with the more 
, 

promlsmg cells proved that the prmaple of 
utlllzmg the heat conductlvlty of a so,1 as a c 
measure of Its mo~ture content 1s saundand 
that structurally sutable cells can be fabr,- 
cated The problem of obtamlng good ther- 
mal relatmnshlp between the e 1 e c t r I c a 1 
elements of the cell, and of successfully 
waterproofmg them agamst so11 moisture * 
under the combmed actmn of hydrostatx 
head and weathermg, has been largely 

__ 
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overcame 
3 A porous block form of cell, m which 

a porous medium was placed between the 
sol1 and the electrIca elements of the cell, 
was not satisfactory except under speclfx 
sol1 condltlons Its operatmn was conslder- 
ably affected by sol1 composltlon, amblent 
temperature condltmns. and mdlvldual cell 
characterlstlcs. mdlcatmg that a separately 
calibrated block would be required for each 
sol1 condltmn encountered 

4 A direct contact form of cell, m which 
the electrIca elements were cast m Wood’s 
metal and the unit placed in direct contact 
with the ~011, performed satlsfactorlly at 
sol1 moisture contents below approxunately 
the shrmkage lxmt of the sol1 Above this 
pomt the cell did not respond to moisture 
changes and, m some cases, could not 
mamtan mtunate contact with the sol1 

5 A thermal conductlvlty form of cell, 
In which the heatmg and temperature measur- 
mg elements were separated by the ~011. was 
the most satisfactory cell tested HOVX”er. 
Its performance was erratic, when tested 

with plastic soils under accelerated labora- 
tory drymg condltmns. because of shrmkage 
of the sol1 away from the cell 

6 It 1s believed that both the Wood’s 
metal direct contact cell and the thermal 
conductlvlty cell should be tested more 
ertenslvely, espeaallyunder field condltmns 
and with a large number of different sol1 
type 5 

7 For any cell that might be used. It 
~111 be necessary that It be calibrated for 
different ~011s and densltles The exact 
procedure for domg this would depend upon 
the fmal form and characterlstlcs of the cell 
but would probably Involve the development 
of a farmly of curves sulted to the partxular 
cells bemg used At the time of burymg the 
cell, a pomt on the callbratlon curve could 
be determmed from which the curve nearest 
to the callbratmn pomt would be selected 

8 Dunng this study there has been 
developed a considerable amount of equp- 
ment and InformatIon, some of which may be 
applicable to problems encountered In other 
than clvll engmeermg fields 

J 
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