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INTRODUCTION

The tenacity with which water is held in the soil is an important
factor in determining the availability of water to plants. It is this
atiraction for water by the soil particle which is the basic phenomenon
of soil moisture tension. So0il moisture tension may be defined as the
pressure difference that must be maintained acress the wall of a
porous cup in order to attain a zero transfer rate between water in the

soil, which is subject to surface-force action, and water in the cup,

which is not subject to surface force action.

Tensiometers are devices used to measure the tenslon with which
water is held in the soil. DBecause of their wide use in research it
ig important that the experimonter get the best information possible
from their use. Irevious experimenters (11, 1L, 20, 27, 32 and 33)
have observed large fluctuations in tensiometer readings as a result of
temperature changes, and some have indicated that tenperature corrections
for moisture tension data might be of significant mapnitude,

The purpose of the study reported herein was to obtain information
on the effect of temperature on soil moisture tension with 2 specific
objectives in mind: first, to see if temperature has a simificant
effect on moisture tension and if the effect is of significant magnitude
to apply corrections to {ield data. The second purpose was to see if
soil moisture thermodynamic relations, such as those given by Edlefsen
and Anderson (13}, can be used to show this effect.

Two experiments were carried out, one in the laboratory and ‘one in

the Tield. A laboratory experiment was conducted to find the effect of
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temperature on soll molsture <ension., A field experiment vias conducted
to study diurnal flanctuations of fensiometers and teo see if temperaiure
relations foundd in the laboratory will explain observed fluctuations of

tensiormcters in the Jield.



REVIEW OF LITERATUEE

Soil moisture ener:y relations

Yany workers (1, 3, 7, 10, 12, 13, 15, 17, 35, 36, 38, 39, LO and
13} have used the free energy concept for expressing soil moisture
ener:y relationships. Using free eneryy to describe the behavior of
water in the soil makes it possible to evaluate the effect of tempera-
ture on the ener;y reclations of soil moisture.

The difference in free energy between that of a datum and that of
the water in soll will be referred to as the free energy of soil mois-
ture. The free ener;y of free, pure water will be taken as the datum
and will have the same ftenperature as the water in the soil whose free
eneriy is to be determined. The free energy of the datum resulting
fron its position in a gravitational field is arbitrarily taken as
zero, and the Ifrec enersy of soil moisture, which will also be in a
gravitational field, will be measured with respect to the datum. The
datum is assumed to be free of all extraneous fields. The total free
engrgy of soll moisture can be found {rom vapor pressure measurements
by employing the formula given by Edlefsen and Anderson (13)

AF - X 1p {;—5 (1)
where AF is the total free energy at temperature T and R is the uni-
versal ;as constant. mn is the molecular weight of water. P denotes
the vapor pressure of the soil moisture when the vapor is in equilibrium
with the water in the soil. PO is the vapor pressure of the datum when
in equilibriun with the free water surface.

It is known fro:o thermodynamics that the specific free eneryy
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decreases for spontaneous chanzes. hen consicdering a body of pure,
frec water, where the free ener;y is talcen equal to zero, in contact
with an unsaturated soil, whose Tree encrry is nob zevo, waver Wl 11
flow spontaneocusly irom free water into the unsaturated soil, The frce
ener:y change between the datum and the water in the unsaturated soll
will therefore be nepative. Foisture also flows spontunecously from wet
to dry soil. Therefore, the drier the soll the larjer the nepative
value of the {'res enersy.
dlefsen (12) and Edlefsen and anderson (13} have su-ested vurious
thermodynaric functions that are important in describing the behavior of
water in the soll. “here arc various factors affectins the Irec enerpy
of soil roisiure as the temperature is chanped. Bdlefsen and anderson
{13) rive tire Uoliowing equation to reprcsent the components of the free
cner:y of scil moisture and show how each conponent depends on tempera-
ture.,
AFgr = BT In 4= « Afg + AFp + AT, + AF. (2
i %o I e} I /
AFL—;T is the total free encrgy of soil moisture at wemErature 7. F,
¥ and P, have the same meanin;; as previcusly Fven. AFO. denotes the
conpornent of the free enersy caused by surface tension and radius of
curvature of the air-water interface; AFP represents the froo enersy
that the water has resulting Zrom the hydrostatic pressure it is widers
AT o ig thai component of the free eneray contributed Ly csmolic

[}

Jressure of the dissolved material, and AT, is the {ree eneriy pou-
sessed by water by virtue of its position in the adsorptive [icld
surroundinit the particlc as well as in the earth's ;ravitational Tield.

They suggest the 2 component free energies AFi‘ and AT

arisin; from the adsorpilve field surrounding: the soll particle are



constants independent of temperature. Therefore, AFf + AF, = K
where Xy is a constant independent of temperature. They ysive the equa-
tion AF, = koT to show that the frec creryy caused by osmotic pressure
is a function of temperature. In showing the dependence of AFg, to
temperature, they employ the Kelvin equation as discussed by Glasstone
(16). They make the assumptions that the soil moisture system meets
the requirements for applying the Eelvin equation. In employing this
equation they assume the vapor to behave as an ideal gas and that the
radius of the pores in the soil behave as spherical drops.

The Xelvin equation AF = RT In ‘53 - ?.;.grelates the free energy
AF and vapor pressure I of the water in the soil to the molar volume
V and the surface tension g of water and the radius of curvature r of
the air-water interface. Py is the vapor pressure of a free wvater
surface at temperature T, and R the gas constant. In employing this.
equation they further assume the moisture content is kept constant as
the temperature is varied.

The component of the total free energy of soil moisture caused by

the surfacce tension of water and radius of curvature of the air-water

interface at temperature T is given by

AFG'T - 2V (3)
Ir

The radius of curvaturc r of the alr-water interface of soill moisture is
hard %o determine directly; therefore it is eliminated from the equation
by the following procedure., The molar volume V and the radius of curva-

ture r arc considered constant and independent of temperature for moist

soils. Thus,

2v AFUT _ AFch or AFO.T - (AFO'T]_) (O.T (k)

T o-T - - o
-1 i1




In order to express AFG.T in terms of the temperature T, the sur-
face tension must Le expressed in terms of T. For the tenperature rance
concerned with in this report the surface tension of water will be
assured to be a linear function of temperaturc., Therciore, AF‘T‘I - K3 +
K),T. The equation 0"« 117 - 0,152 T is used to get the surface tension
of water in terms of temperature.

A single resultant equation expressing the dependence of the total
free enercy of soil moisture on soil temperature can be obtained by
adding the effect of temperature on each individual component.

Since AFf + AFL‘ - K, AF, = KT , and AFO-T -y + KT,
equation 2 L=zcomes

AFgp = Kp + KT « X3 & KT (<)
Combining constants gives
AFgn = Cp + CoT (6)
In order to determine the constants Cl and {32 requires the detemination
of the total free ener:y at 2 different temperatures. Hence

Solving tuheh2 equations simdtaneously gives
1 Afgy, - Tp BFgy

Cl - (?:‘

and

AFgp - AFgy

1
P 2 (8)
1 -T
Inserting equations 7 and 8 into equation & ives
Ty AFs'r2 - To AFgyp Afgp - AFg;
1 1 2 : \




. ' Sare loav 1
Ldlersen and anderson have derived cquations o and 9 to show how

termperature influences AFg and AF“T' Tn order to employ equation i,
—

AFO’ rust first be deternined at some temperature Ty from wliich
fll
1

AT can be determined at any cther femperaturc 7. ILquation 9 requires
o
T

Ll

+4e cetermination of the total free encry of soil molsture at 2
gifferent tenperatures, Srom which it can be deterrined &t uny other
temperature..

Sabcock and {verstreet (1) include onc wore ter iban is customary
for expressions for tie chemieal potenticl.  They add a nolo.ure content
term whieh was not inelided in the eoquation of sulolsen and Anderson.

They give the expression duw Vap « ou d4, ¥here u is tic chemical

-]
&

']

potential, v the vressure, V the partial molar volure, and -y the nois-
tire content. g-‘i- snows the ratc of chanze of the chemical potontial
w
with moiszture cortent. Ud¢lefsen and Anderson do not incluce a tarm fo
show how the iree ener;y function changes with molsture content, but
assure that tihe pressure variable adeguately explains 1t. Babcock and
Overstreet feel that the pressurc varizble is needed to describve the
total oressure exerted by the surroundinzs on the scll syster. Ry
delindng the bressure term in this nmanner 14 is inferred that the iy
term includes the chanies in pressure that result from chanses in radius
of curvaturce of the air-water interface.
field (34) proposed the pF as a freo cner;y scale. The symbol
b indicates a lozariihn, while the symbol ¥ suigesils free enercy,
Terefore, pPF can be defined as the losarithn of the free enery of
soll moisture. Ve supects that the osmoiic component of the total {ree
cnery of soil molsture is often not given groper considerations. le

suzrests that accerate vapor prossure cate is hard to deterrdne avove P



values of L.15 (B! = 99 percent). Freezing point measurements are
possible between pF L.l and 3.0 and for pF values below 3, direct suction
measurerents are possible. He also shows a definlie relationship between
soil moisture tension and relative humidity.

Campbell {8) used freezing point depressions to measurc soll mois-
ture tension. He found close similarities between molsture content-
moisture tension curves obtained from pressure membranes and those using
freezing point data.

Bodman and Day (3} have shown success using {reezily point depres-
sions to determine free ener;y. Free energy determinations from freez-
ing point depression measurenents have also been made with some success
by Schofield and Botelho da Costa (39). They say there is very little

flect of salis on pF if the concentrations are less than 500 ppm.

Richards and “eaver {35) also sujzest we often exclude osmotic
effects when consldering the free ener;y of soil moisture. They sugrest
the soil moisture tension at a moisture percentage equal to the moisture
equivalent may account for less than one-alf the free encr y value.

Robins (36) studied 3 thermodynamic properties, the specific free
energy, the specific heat content, 4nd the specifiic entropy. Dby ﬁsing
the equation AF = %; in %L and measuring the vapor pressures by using
1 different HaB0y, solutiogs, he fouﬁd the specific free cneryy in-
¢reased numerically with increasing terperature. He states: "For the
wetted sanples, it appears that the speciflc free enersy increases
rumerically with increase in temperature. The change appears to be, to
a first approximation directly proportional to the ratio of the absolute
temperature."

Yooney, Keenan, and Wood (25) ran desorption isotherms at O and 20°

C. for sodium montmorillonite. Their results showed the G° C. isotherm



to be above the 20° C. when water content was plotted on e abscissa
and relative uressure on the ordinate. Hesults also showed the heat of
desorpiion to decrease as the molisture content increased. At hicher
=oisture contents the decrease in heat of desorptlon apueared to bhe
srnll.

Termerature effect on the amount of water absorbed _9__ goil

anr workers have reported on the effect of temperatures on the
amount of water absorbed by soils. iuri, Crowther, and Keen (29) report
that water absorption at definite relative humidities is almost inde-
vendent of terperature over the rangze of 20 to 40V . Tor nigh relative
huddities but decreasses markedly with incrmasing tomperature for lover
relative hurddities.

Baver and Winterkorn (2) report a work similar to that of Juri,
Crowther, and Keen. They report that the water-absorption capacity of
modified soll materials in a constanily maintained humidity of 94 per-
cent decreases rasidly as the temperature is increased.

Cn the other Land Veihgymeyer, Usernowsiy, and Tester (L3) show that
the rmolsture eguivalent is increased by an increase in termperature
during: the period of saturation.

Wadsworth (11) deternines a relative hurddi iy versus naisture con-
tent curve for 3 tenperaturcs, 40° C., loon terperature, and 8° ¢, uis
results showed the LGP C. curve to be above the room tempcrature curve
which in “urn is above tie 82 C. curve. Uis results were similar for
both wetting and drying curves.

Wadswortt (Y] suprests that water in an unsaturated soil is held
by 2 disinmilar precossco.

1. Vater held ti:htly by surface activiiy of ithe colloid surface.

He calls this chemosorption.
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2. later condensed in the {ine pores is culled capillary condensa-

tion., 7This water is loosely held amx! the arount depends on the
curved water interface.

lle predicts that in the chemosorption region temperature would have
more effect on the amount of water absorbed at constant rciative humid-
ity than in the capillary condensaticn regions If his hypothesis is
true, differences in temperature should effect nore significantly the
amount of water absorbed at low moisture contents than at higher mois-
ture contents. fesulis showed that at low relative hunidities, the
nmoisture held at a given value is consistently less in the cold series
than in the hot series, the difference becoring less apparcnt and per—
haps insi;mificant at higher humidities.

Richards and Weaver (3% show that the amount of noistare a seil
will retain for a given tension depends somewhat on the time allowed Tor
vwetting the air-dried sample. For sandy soils results showed no increase
in moisture retention for wetting times beyond 15 mimutes, whereas fine
textured soils may require 18 to 2l hours. fThey also reported the
effect of temperature on the moisture percentare at one-hall atmosphere
and 15 atmospheres tension for a group of soils. Results showed a
slight decrease in nolsture retained as ihe temperature increased,

Diurnal flugtuations of tensioneters

Several possible causes of {luctuations Lwave been fiven. Richards
(32) surzests fluctuations result from the changes in volume of the
water within the tensiometers. ie su;gests that this undesirable effect
be minimized by reducing the water capaciiy of the tensiometer.
Richards, Russell, and Heal (3L) in a later vwork conducted an experiment
to show fluctuations of tensiometers in the field. They suispested the

observed diurnal fluctuations were caused from temperzture fluctuctions
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of the soil and suiested the fluctuations were caused from the thermal
expansion of the tensiometer water. A reflinement in the desim of the
tensiormeter was made by restricting the water capacity. Coleman,
Hanawali, and Hurch {11) also attorpt to reduce Tluctuation in manorneter
readings caused by temperature induced volume changes in the water.
Faise and Felley (20) studied the diurnal Tluctualions of tensio-
meters. They found minisum tension valucs occurred at 6 to § a,m. and

s

maxirum at 7 to 9 pere  They also Tound Tluctuations to deplhs of L3
inchies and the macnitude of variation decreasing with depth. Daily
variations of 330 to LU0 ¢r. of water werc common for the G-inch desth,
They explained these fluctuations as being prinarily causcd by teupera-
ture sracients belween tiie porous cup and the soll. hen the cup is
warmer tnan the surrounding soll water will evaporate from the cup,
resulting in a ki her nanometer reading., When the cun is colder than

the soll water will condense con iti, causing a lower manometer readinge.

These reports have concluded that the observed fluctuations of
tensioneters were caused entirely by the instrumentsd behavior of the
tensicmeter. They have not considercd the direct effect of temperature
on the soll moisture tension.

Toore (20, 27) conducted an experiment to show the relation of
temperalure to seil molisture pressure potential, retention, and infil-
tration rate, corous clay tensiometer cups, attacled to mercury manc-
meters, were insceried in a conlainer contuining soil and were placed in
a water bath where the teupersture was varied from € to L0° C. He
found the variation of pressure potential with tenmperature was mlatively
srall al the hisher soil nmolsture contents and increased with decreasing
soil nolsture. However Lis results werc not consistent in sirowing the

o

eZfect of teperaiure on pressure potential. e concluded that
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temperature may be of minor importance in determin; pressure potential,

Sarcner (1) found that in 3 soils at constant moisture content the
tension tended to decrease at approximately 0.U03 atmospheres per de.ree
rise in temperature within the range of U to 56 C. He also reporied
that no matter what the moisture percentage during ihe experiment the
slopes of the noisture tension vs. temperatiire curves were all approxi-
nately the same, Nost of his curves tended towards a curvilinear rather
than a stralght line relationship. He sugzests that theoretically
moisture tension should not be independent of the temperature, but he
gives no theoretical means for checking the tenmperaturs effect on seil
moeisture tension.

Tariation of soil temperature with depth and meoisture content

Xazahov (2l studied the density of stand of perennial herba.e on
the temperature and meolsture of the soil. The summer surface tempera-
ture of the licsht chestmt soll was about 50 C. lower under a dense (47
percent) herbage cover than under a li:hter (75 percent) one.
temperature difference leveled at about a 10 cu. depih. Irrisation
lowered the soil temperature during the swmer months by 10 to 11° ¢.
and often as much as 20° G. Fe attributed the lower terperature not
only to the hizher moisture content of the soil, but also “o the dense
covering of plants on the irripated soil, Jakobsen, Sorenson, liddelboe,
et al. (22) also observed that dry soil was warmer than wet soil. They
found a maximum difference of 30° C. and an avera;e difference of 10° C.
The difference was ¢reater in the top § cm. of soil. The difference
was also :reater alt noon than at other times cﬁ‘ the day. They stated
that under lucerns thc terperature difference between wet and dry soil

was generally small and rather erratic.
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Yrsteresis in melsture tension-water content curves have been
osserved vy many Lnvestigators. They have zenerzlliy rejarded nysteresis
as bein. ascociated with the delay in relilling; of cmpty parts of the
pore soace upon vetting.

Paghards (20 ran uptadde and removal curves over one atmospherce,.
I'e noted that curves rosualting from cyclic chianses in tension Torms
loops insieasd of single curves. iig resulis shiovred the uptake curves
arc sieeper than removal curve

lalvody, Doa, and Zoa (1)) also show & nysteresis loop and conclude
that 2 soll rciaing more .“awr during re.cval ionan during uptake.

“olres (21 also shows 2 nysiteoresis effect betwcen soil rwoisture

tennion and water contont. He explaing that rorsteresis vas not caused
ervirely by delay in relilling empty parts of the pore space on rewat-
tinz, ut the reaciusiments cf clay particles relative to thiedl

1el mhors aloco wmade a conitributisn.

Povernent ol melcture under thermul radients

——

Precazeale, lesorse, and Ereuazeale (5 resorted that ito all depths
to 5 feet below a L-inch black-asphalt acrodrone rurway the soil mois-
ture content was 3 tirmes sreater than ile surrounding Arizona desert,
Vapor movenesnt appeared to be the mosl lo.deal source of noisture
scewrmilation under the rumvay.

“ravend and Febnke (L) estimate the anmicl molsture ains rom
vapor transler rrom ke subisoil to the curflace soil, net Ineluding
evaporulional losses, 1o 1.3L inches ol water on bare jround and G.77

fnches on ncadew. From larch to Geitover d.e vapor irunsfer “rom the

subsoil was confined Lo ni

it hours bal during the doy there was a

Z2=-directional moisture loss from the surface.



1,
Jurr, Varshall, and Hutton {19) ohserved Lnat in ull except the
wettest and ¢riest columns of soil there was &« transfer of waler towards
the colder end of the =0il colurm. They found that moverent of water in
the liquid phase occurred at a water content of presoure potential of

.6 x 107 ergs/mm. (GF = 3.9,

Cavazza (9) and Taylor and Cavazza (12) studied tie influence of
temperature gradients on soll molsture flow. By using an aly jap tech-
nique they show that molsiure Tlow from warm to cold soil is larsely in
the vapor phase. The amount of water transfer was Zound o be influenced
by the thickness of the air gap. lovement of moisture from the wui to
the cold seil resulis in an induced potential gradient which at coui-
librivn causes liquid flow equal to and cpposite that of vapor low.

Thus they report moisture movernent takes place in 2 directions under a
thermal ;radient.

ftollins (27) also observes movement of roisture under a teriperature
gradient, Results indicate that the nain mechanism of molsture mi-ra-
tion under & thermal gradient is associated with vapor novement.

Prooks and H:ocads (G observed that diurnal masnitudes of heat [low
were more than twice as sreat in witcred plots as in unsaturated plots,

Conclusions from the literature reviewed

The literaturc indicates the fcllowing:

l. The Iree eneryy functions seem to be a sultavle treutment of
soll moisture . roblems Irom the ener,y point of view. Ilowever, conveni-
ent and accuraie methods of measurin: the lrec cner.y of s0il molisture
over the range of moisture for plant -rowih are limitinz. Vapor pres-
sure methods and freezing point depression measurements have shown sore
success in reasurirng the free energy of soil meisture. Tensiometers

have shown success for measurenenis of free enery in ihe absences of
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salt and when tle molstare content Is ih (solil molsture twensions 1lgss

than about Lel atmosuiicres’.

o

2., revious exyerinments indiczate that the Tree ener,y of szeoil
molstiare incroasss as the tenperaitura is incereased.

indicaves that tenperature nay marledly

3. vidence lis
rodilly the shape and positlon of the moisture content-surfuce force
curve,

3021 at a lven potentlial tolds less water at a

Wishor Tenpsratiure than at a lowor tennersiture. Thereifore, sanples of

siven soll 4t & specifled nolsture peruentase will nave cogual moisture

o)

potenlials only whon thelr temperatures are conal.

Luctuations in tensioseler readings in the field

Ge JAr e diurnal T4

L ogeen to be associatod wilh temperature variations have been

sbserved.
Plictuatiors in moiziure tension and nofsture contonts may be
crroneoucsly atiributed he causes cihier than terperaturs.
Je  3oils contaln rmore water during a removal ¢ycle, at a fixed
tension, ihan curin: an upiake cycle,

Ce o liovement ol molsture in the vaper mmase s from warn to cold
soil undey o trermel gradioat.  vhen the soll molzture sysion is in oz

o

state of cau’litries the amount of noisture "low in the ligaid phase is

gqual to the zrmount in the vavor phase and opposite in clrection,



EXCERLMENTAL LIETHODS

The tensioreter 1s widely used in measuring soil moisture tension
in the hi-h ncisture range. The moisture potential is based upon a
suction force of soll for water. ¥hen the porous cup of the tensiometer
is placed in contact with unsaturated soil, water ill leave the cup and
enter the soil and thus cause the mercury to rise in the manoreter, As
the s0il becormes wet, and the tension of the water in the soil is less
tvhan that in the cup, water enters the cup which causces the mercury in
tne manometer to fall. When moisture in the soil is in ewuilibrium
with the water in the cu;, the potentlal of soil at that dven roiziwure
content is eqgual to the potential read on the manoneier.

Laboratory investiation

A labvoratory experiment was conducted to show the effect of tenpera-
ture on soil molsture tension. &n atftempt was made in desi ning: this
cxperirent to reducc the effect of temperaiure on the ‘nsitrurmental be-
haviors of tensiometers as much as possitle. The tenciometers used in
this study were bullt according to the specifications of fichards (31,
327. Uowever, the tensiometers used in tre laboratory experiment nad
no metal suppor.s. IZlirmdnation of {rese metal supporis reduces the
temperature jradient effect as reported Y Nlaise and ¥elley (20). Hince
the desiyn of tensiometers for measuring soil moisture, inprovementis
have been made. Some workers (11, 32, 33; have indicated a thernoreier
elfect in tensiometers, which is caused by changes in volume of itensio=

meter water, as a result of temperalure chanyes. 1hese workers have



17

'nawdwqmjbrimmmdm;mmm&mmmzdmmmmﬂsud;ﬂ tensioneters.
One of the improvenents susoested was o restrict the water cammcity of
the tensiometer, In o ihils experiment the water capacity was decreased
conagiderably br decrcasing the length of both the three~quarter inch
copucr and lass wbin.

T'or convendence of readdiy the itension the mercury manomelers were
comnected Lo a common panel hoard. e wnanoneter scale was calibrated

1o read directl:s in centiveters of waler.
Toor 2-Litar elechrolytic tealers were used ag soll contziners,

KR |

Abons 3 ineh of soil was placed in the bobton of edch boukor. A

sampus eup was then placed in the conter of cach bealier and soll pacled
oeend it to et 4 ood soil-cun contact. The porous cup was surrounded
»r 50il and the bearer was pmekoed wiih soil to within atout eone-half
inch of the iop. A thin sheet of cotton was placec over the soll and
then hot paralfin was pourd over the codton. This climinated evapora=-
slon from soil swlace, thus kecuin. the moisture content ap.roximately
congtant throuwsheous the experirent, in order Lo naintadn atnospheri
sressure a small sdn hiode was kept opon bobazen the aiioswere and the
soil surfacoe.

Yillville Zroam sull of varying nolsture conient, withirn the
vante of tensiomeiors, was used. Solls were brougnt to arbitrary
molsinre percenta es by woisteninz the soil with an atomluer and stir-
ring or by alxding noist and dry soil. The soil molsture percentascs

4

studied varied between 21 and 10 percent moisture by weirht on a dry

-

bt e ot
el st hasig,

=2

The constant temperature bath was a kerosene oil bath with a con-

tinuous stirrer, a heatin;; coil, and a coolinr unit, A theruocap relay

as proposcd by Taylor (41} was uscd to control temperature. Jhe



[
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temporature was controiled to within about * 0.05% (. Throughout the
experinent the temperatire was varicd from 2 to 45° C. The bealker con-
taininT the porous cup wWas Jowered into the 2il bath until all btut
aboui 1 inch was surrcunded by oil, Time was allowed at each tempera-
ture for a tension reading to becorme conslani. & variatle amount of
time was required at cach temperaturc. For higher tenmperatures !} hours
was sufflicient time to reach approximate cquililbrium whercas at lovier
temperatures about 12 hours was allowed. Tt was assumcd that ernilibriun
was reached when the nmercury nanoretler readings becane constant. Tem-
serature -sradients are set up in the soll when the tenperatire of the
vath is changed. Therfrormeters with scale divisions of .19 Le magni-
tude were used to indicate viien no temeratere cradient exists in tho
s0il. One thermometer was placed in the scil about one-rall inch from
the sorous culi. Another was ugsed to read the temperzture of the hath,

After a series of s5oil wmolsture tension and corresgonding tempora-
tare readings were made the iensiometers were rovoved Tior the soil,
Two samples of melst soil were taken Tron gach beaker wand the avernce
percenta e of the 2 sangles was recorded as the molsture content Zor
the particular beaker. The moisture content was deternined by measur-
ine the lozs in weight upon dryving 2l nours in an oven at 110° 7, and
dividing by the dry wei ht of the sarmple. The meisture content is the
average for the particular Leaker and proially civsely approximates
rather than regresenits lhe condiiion ol btk soll in contach with the
tensiometer cug.

Fiaure 1 is a cut away diasran of ithe apvaratus uscd in the labora-
tory to study the effect of temperature on soll molsture tension.

Fileld investization

A Tield experiment was conducted to determive the rainitude of
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Mmire 1.

Cutaway dazran of apparatus used to study the e¢ffccet of
temperature on soll molsturce tension. 1. 111 temperature
bath. 2. Tvo-liter beaker comiaining nmeist soil. . . orous
cupe L. Threc=lourtis inch copper Gibe. 5. Threc—iourths
inen lass ddr trup. C. Dne-eipnth incs cowser tulo. 7.
vercary vieli. o. lanonciter. Y. Panel board.



dinrnal Placteations of tenslomeiers used In the Jicld.

ne tensiomeiors uscd in the field io measure woisture tension were
the same as vhose used in the laboratory study excapt they nave metal
supports cnd thelr wiater capacity is rreuter at the deeper depths be=
cause of the inercased lenpgth of the threc-gquarier inch copper and lass
tubin, . Therefore, the tensiometers used in the field were nore subjoct
o instrmental influcices.

Tensiometers were installed at 5=, 12-, 19=-, anc 2.=inch depihs in“
girar beets. They viere used o nmeasure tension in 2 molsture ruanges,
ong "nigh" molsture level where the lension in the root zone is kevt
BoioW Uee atresyneres and another level scerewhat lover wreere the tension
is meld below U650 atmosgheres. Tension recadincs were iLaren twice a day,
omee abont 30 rdmites befoxe sunrise ana ovece aloul 1Y mirmutes atter the
sun goes down in the evening.

sreviously calibrated therrisiors were used Lo reasure tho tempera—
ture ol the soil in the Yeld. Therzistors were calibrated by observing
the chane in resistance corresponding to a change in temperature.

2iibration of the thermistors was done in the luboratory by placing
them in a beaker of moist soll and the Leaker placed in the oil lenmpera-
turs Laths The tomperature of Lhe buth was varied from 2 to 40° (.
e reslstanc? wal road using a wheaibstone bridge and calvonometer. A
calibraiion curve rer each thermistor was maﬁe oy oplotting ohms resist-
ance 4 cainst the temperciure ol tle soll. A calibrated theraistor was
olaced a:iacent to and at the same depih: as each tensiometer in the
ficlds & Bouyoucos wheatstore bridze ad’uz:od to read *he sare resist-
ance as the palvinometer was ased Lo ~easure the ohins resistance of the
thermiston in the Diold. From the

< b

srevicusly determined calibration
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Laboratory investisation

—

wperirontal ciffect of terseraturc on selsture icnsion. In conducting

the laberatory experinent Yoore were 3 variables: soll nmolsture content,
goil melsturs tonsion, anu seill tenperaturc.  Soll molsiurs content was
held consbtant and temperacire varied. Curves wiln soil noisture tension
as a function of temperature are shown in fiqres 2 and 3. In the drier
soils wWese curves tend tovards a curvilinear, ratiicr than a siral ht
line relationshio as predicted by the Ddlefsen and Anderson eguation.
towever, as the moisture conteni increases, the curves tend to approach
a Llinear relationsthip. Trere 1o a2lso an observed hystercsis effects
the cooling curves do not follow the sace path as the heating curves.

Thase curves show that Lemoerature has a si niTicant eflfect on
soil moicture tension, the ma mitude depenidne: on the noisture content,
As a Tirst approximation, the offect of lemperuture on molisture itension
vwas Tound to be approxinmately J..U10 atiosvhere per centigrade deoree
chanze in bemperature at a molsture percentage of 20.u423 0,003 atuospheres
Qer degree centlsrade ween the neisture content was 17.593 0.007 atnos-
pheres per de.ree centl rade when the rmoldture content vas 13.52; and
DenDd atmospheres per desjree cenlbirade whon the molsiure content was
12,0

The relationshnip beoween soll -woisture tension and tenperature has
been dermonstrated in figures 2 and 3. The manituide of the interde=-
pendence varies with moisture coniont. Therelore, if temperature

corrections ior moisture tensions are to L rade the relationshi

ol

between the soll melsture percentare and moisture tension maust be known.
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Firmure 2. HMHolsture tension as z function of temperature with noisture
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Tavle 1. Correclion values used to correct moisture tension to 26° O,
Soil moisture Soil tenperaturc deviadtion fron 207 Go
tension 2 4 & 3 10 12 1y 15 L
Cile wWater
> 600 22 i &G a8 110 132 15k 175 138
S Eyly 20 LG o 50 100 120 1 100 1530
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couation gresented by fddlelsen and anderson will e used te show how
thoy gredict soil meiztare tersion will wvary wiill temxrature. In apply-
‘e ot ccunation fwrill be assumed that thoe soll meisture tencion hT

N

‘5 a close agrocmaiion of AF and Ll 15 an approxinmation of AFO_ .
j. Tl

Then

- £ 1y o
T = = Oz Or by = (117 - 2,182 75 (5
T Lo o
- i

Twenty degroes Co was Laen as the refercence temperature 14 wad the ten-
502 b 3 corresonding to that temperaiure was iaken as the relerence
1

tension.

W0 show, as 4 First ascroxdmation, the effect of tomperature on
soil molsiure tengion, a straiont 1ire was determined IZrom linear re;res-
sion {or each curve in Tisures 2 and 3. The experizental and the ure-
ilcted dependers - of goll meisture tenglon on temperature are shown in

] ~

Momire D. A statistlical analwsis was used to detemine the sisni{icance
of the JdiTcrernce bectwecn the slopes of the erwerimental and praodicted
corves,  Srgloring the t-test (25 indicated a hirhly simificant dif-
ference, at the 1 percont level, Letweer the clopes of each set of
ourves. e data and statistical analvsis arc ven in tables 3 and I
of the Appendix,

A -

ri@osurface tension of wawer av diffoerent terperatures 1s given in

touln 2.0 DU @lso chowis Jor each polsture content the gredicted sotil

molscurt tension wu diTderent toaperoiures

Temperaturs necasdrements wers tude In the Slelu ror ihe purpose of
correcting tensioreter readings Jor iepperature chunmes that ocour in

the soil,
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Table 2. Surface tension of water and goil uoisture tension az functions
of temperalburc

Tempera- Surface ’redicted meoisture tension
ture tension Powm2 2 2omlTeH0 Fomll G2 w2 09
°C. watcr W v W
T o5 thuﬂ.gf hm o145 hnl=C-hUG N ele516
o 75 G0 0,053 0.151 C.l22 0,536
T oo 0,002 no1lo 018 3.5
) ile PELVAS Loy 211180 { 0)31

10 Th 22 LNE2 0.8 0.0l 0.526

15 73.49 LWDEL 0.1L6 0110 0.521
20 72,75 0,080 Codlis 0406 0.516
o5 7,07 DJI70 .13 Gelil2 (510
30 71.18 2J378 0.142 - 0.393 0.50%

35 jﬁf?ﬁ"/agi' CLOT77 olkL 04302 GoLoy

L0 59.56 A 5.139 .339 0.4h3
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There is a sicnificant temperature difference between d.w. and p.me
measurements for the 6=inch depth as shown in fiqure 6. The top curve
shows the chanpe in tenmperature for the p.m. measurements from day 200
to 280. The bottom curve is for a.n. temperature measurements for the
same depth and time interval, The wide maximum range between morning
and evening temperatures indicates that if tensions are measured nore
than once a day, at the 6-inch depth, it might be desirable to apply
temperature corrections.

The p.me and a,n. temperature measurements for the 1l2-inch depth
are shown in figure 7. The maximum temperature differernce is about 2¢
C., therefore temperature corrections for tnis depth sure small. Tempera-
tures for the 18- and 2l-inch depths are not shown because therc was
very little difference in temperature between p.m. and a.m. measurcnments.

Uncorrected tensiometer readings taken in the evening and morning
during irrigation intervals are shown in figsures &, 9, and 10. Fijure 8
is for the G-inch depth when there is consideratle tension and tempera-
ture changes between irrigation intervals. The tensiometer readings
went up fast during the day whereas they micsht actually drop during the
night.,

Similar results are shown in figure 9 for the 12—inch depthy how-
ever, the rate of tension change is mch less than for the &=-inch depth.
For the 1ld-inch depth the rate of tension change is slightly preater
during the day than at nicht as shown in figure 10. For the 2i-inch
depth the rate of tension change during the day is about the same zs at
night. 1t can be seen that the magznitude of fluctuations decrease with
depth,

It was previously noted that soil temperature fluctuations between

a.m. and p.m. measurements were about 6% C. for the G-inch depth and as
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mich as 2° C. for the 12-inch depth. 'sing talle 1 tension readings at |
these depths were adjusted to a 20° C. standard.

The results after temperature corrections were applied are shovn in
fimures 11 and 12. Tor this interval of time (day 239 to 255) the
tergerature of the soil was always below 20° Cey as shown in Apendix
tatle 5; thereflore, in applring temperature corrections a correction
value was always subtracted from the measured tconsion. Appendix table S5
shows the corrected and uneorrected tensiometer readings. Since soil is
colder in the morning than it is at nipght a larger correction was
applied to the a.m, than the p.rm. tension measurements. Applying tem-

perature corrections brought the 2 curves farther apart,
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DISCUSSICON AT CUICLUSIONS
Laboratory

Tt is evident that tempersiure variations may influence the accu-
racy of many types of soil moisturc studies. Fluctuations of these
soil moisture prop-rties may be erronsously attributed to causes other
than temperature unless it is known how each varies with lemperature.
If wvariations with temperature are known it will be possible to make
corrections for temperature changes.

One purpose of the laboratory study reported herein was to deter-
mine the effect of temperature on mcisture tension and to make tempera-
ture corrections for field data. Laboratory resulis showed that
temperature had a simificant effect on soll moisture tension. The
magnitude of the temperature elfect depends on the noisture content.

At hish moisture contents the effect was small whereas at the low
moisture contents the effect becomes more significant. Using this
information a table was constructed so that temperature corrections
could be applied to field data.

The interdependence between moisture tenslon and temperature that
vias predicted by Idlefsen and Anderson was much smaller than was Tound
experimentally. Idlefsen and Anderson i:cluded only the effect of
temperature on the surface tension of water in the soil. It is apparent
from the laboratory investigation that the temperature influence on this
component of the total free energy is not the only factor involved in
showing how moisture tension varies with temperature.

Edlefsen and Anderson assumed that the adsorptive forces are not a

function of temperature, and they did not adequately account for the
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fact that the XKinetic ener;y of adsorbed water increases with terigera-
ture, Their treatment would indicale that the amount of water adsorbed
is independent of temperature, On the other hand, work of liooney,

: AT
Keenan, and iood (25) shows that at a ;dven relative vapor pressure the
anount of water adsaorbed increases as the tenperature is decreased.
The terperature effect Lecormes less significant at nivcher relative vapor
sressures. This is in accordance with lavoratary results reported
herein in shouing temperature to have a greater effect at low molsture
contents.

Yy . .
2'.ra') was enployed in deriv-

The Kelvin equation (A¥ = BT In 'P_ -
9]

ing the Edlelsen and Anderson expression to show the_ dependence of free
ener;y on temperatre. Certein usrcumplions were made in employing this
ecuation. They [irst assumed wacr vapor to behave as an ideal gas and
+rat the radius of the porcs in the soll behave as spherical drops.
These 2 assumptions miht result in error when applied to the soil
molsture syster. The radius of curvature of the air-waler interface
is hard to determine directly; therefore, they eliminate it from their
eguation by assumins it to bhe constant, independent of temperature. The
thermal expansion of water is much zreater than that of the s»lid phase
and therefore an ircrease ln femperaiure wouwld ircrease the radius of
curvatiire of the air-water interface. The radius of curvature is,
therefore, a Junction of t m;xzrlature and would introduce error when
assurdinge 1t to be independent of itemperature.

Tn applying the BEdlefsen and Anderson canation the virdation of the
surface tension of watcr with tempersture had to be known. They ussumed
the effect of temperature on the surface tension of soil meisture, which
is in an adsorptive field, to be approxdimately equal to that of pure

waler, which is not in an adgeorptive field. dater under ihe influence
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of adsorptive forces is likely to be ai‘i‘ec‘:ted differently by temperature
than pure free water which is not influenced by adsorptive fields.

Another source of error might have resulted by using the tensio-
meter to measure the component of the free energy caused by capillary
forces. Edlefsen and Anderson suggest that the porous bulb method can
be employed to measure the capillary potential. They also suggest that
for a relatively moist soil the capillary potential is synonymous with
free ener;y and the adsorptive field is negligible, and has no influence
on the air-water interface. Drier soils result in larger adsorptive
forces and, therefore, influence the air-water interface. The compon-
ent of the free energy involved in the Edlefsen and ;&nderscm equation
does not include adsorptive forces, Tensiometers measure capillary
forces as well as adsorptive forces; therefore, if adsorptive forces are *
not nezligible, tensiometers will not give an accurate measure of the
capillary potential.

One error inherent in the design of the tensiometer which tends to
erronecusly magnify the moisture tension-temperature relationship would
be caused by the thermal expansion of the itensiometer water. When the
tenperature is increased there is an increase in volume of the tensio-
meter water which causes a lower tension reading. Conversely, a decrease
in temperature decreases the volume of water which causes a higher
manometer reading. The magnitude of this error is not known but is con=-
sidered to be small 'pecause of improvements in the desiyn of tensiometers.

The experimental data presented in this thesis/ is believed to be a
reasonably accurate measure of the effect of temperature on soil mois-
ture tension. Strong gvidence is given by the laboratory results which
indicate that the Edlefsen and Anderson expression did not include all

of the factors that influence the effect of tenperature on soil moisture
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adsorption. A few possible explanations why the Eclelsen and Anderson
expression did not fit the experimental data have been sujgested. How-
ever, it is not known how each will influence the effect of temperiture
on soil moisture tension. This indicates that more work needs to be
done in showring theoretically how temper&ture will influence soil mois-
ture tension.

Field

It is5 apparent from the {ield investipation that the diurnal {luctu=-
ations of tensiometers are probably assoclated with temperature varla-
tions. lHowever, when making tension measurements in the field it was
round that temperature had an opposite effect on tensiometer readings
than was indicated by the laboratory experiment. Laboratory results
showed that the s0il moisture tension decreased with an increase in
temperature whereas field resulis snowed that as the temperature in-
creases the tensiometer readings also increase. It is evident that
other factors-are irfluencin: tensiometer readings in the {ield other
than the direct effect of temperature on soil molsture iension.

In the field there are consideraible iLemeerature and moisture gpradi-
ents throupghout the soll profile. Because of thesc gradients the soil
molsture system is not in equilibrium when makin;; tension measurcrments,
Therefore, using ficld data 1t is impossible to make a correct evalua-
tion of the temperature effect on moisture tension., !However, [rom the
fleld date it 1s possible 1o make sugpestions that will increase the
accuracy of tension zmeasurements using tensiometers.

Several possible explanations [or causes resulting in large diarnal
fluctuations of tensiometers in the Tfield can be given. Cne possible

cxplanation would be that during the sunshine hours the evaporation rate



42
can exceed the upward {low of water rroa the wet soil below. This re-
sults in a net drying of the surface soil and a corresponding rise in
tension. After sundovn the upward rate of water movement may exceed the
evaporation rate which results in a lowering of the tension. After the
sun roes down the surface soll cools at a greater rate than ithe soll at
lower depths. “ater would tend to move under a thermal gradient from
the warmer soll below fo the cooler soll above.

Another possible explanation is ihat during the hours of suniight
the transpiration rate of »lants is nuch greater than during the hours
of darkness. The quantity of water removed {rom the seil by plants
during the daytime is, thercfore, much grester than during the night.
Hence, the soil moisture tension should increase at a much greater rate
during the daytime than during the night., Sometimes it was dbserved
that the tension may decrezse during the nighit. This would indicate
water is moving “rom the wet soil below Lo dry soil asbove.

A third possible explunaiion is jiven by Haise and Kelly (20) who
rezort that fluctuations ray be caused by the effect of ailr teopersture
changes in creating a temperature gradicent between fhe porous cup and
the surrounding soil. The metal portion of the tensiometer is above
ground and exposed te chances in alr femperature. iadiation of heat
frem the metal would ocecur rore rupldly than in the soil., This would
result in a tenper.ture ;radient between the porous cup and the soil.
“lhen the cup is cooler than the surrounding soil, water will move from
the so0il in the vapeor phase and condense ion the tenciometer system.
Water condensing on the cup enters it becsuse the water in the tensio-
meter system is under tension. This situation occurs in cool evenings
when the air temperature is less than that of the soil. Water entering

the tensiometer system results in a decrease in the manometer reading,
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The reverse situation would occur when the soil is cooler than the tensiow-
meter cup. This usually hapgpens during the daytime when the air tenpera-
tures are high., Jater will leave the warmer cup surface in the vapor
phase and condense on the cooler surroundin: soil. This results in an
increase of the manometer readines.

These effects would all tend to increase the manometer resding as
the temperature is increased and conversely as the tempersiture is de-
creasec e manometer reading would decrease,

The fluctuations caused by volume chanjes of the water in the
tensiometer would be opposiie in directicon to the actusl chan:es
observed in the Ul-ld, The chance in volune of the tension vater

caused by thernmal - x .unsion would tend ‘o minimize the other effects,
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5.

SUMARY

The jurpose of thils investization was to determine the eifect of
temperature on soll rioisture tension.

At a constant noisture content an increase in temperature results
in a lower moisture tension. The siynificance of the temperature
el fect increases as the molsture content decreases. For low mois-
turc contents the tension was Tound lo decreasc at approxdimately
.009 atrnospheres per desree rise in temperature. For molsture con-
tents near saturation the temperature effect appeared neglizible.
For the temperature ranpge between T %° €. the effect of tem-
perature on soil mcisturec tension, ac a lirst approximation,
appeared to be linear,

Yolsture tension was plotted as a function of moisture content for
different temperatures. Knowing the equation of the isotherns, a
table was prepared so that tensions could be corrected to a 20° C.
standard.

The maznitude of temperature influence on soil moisture tension
predicted Yy kdlelsen and Anderson was much less than laboratory
results indicated.

The {ield experiment indicated that there may be considerabls fluctu-
ations of tensiometers in the fHeld. Tensiometer readings were
sometires found to be yreater at night than they were the next morn-
inre For this reason it 1s important to rcad tensiometers the same

Lime each day.
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7. TFluctuations of the tensiometers in the field as a result of temuera-
ture chanyes were opposite to those predicted Zrom laboratoary

results.
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Table 3. Soil moisture tension as a Tunction of temperature

Tenis Spel2.09 Temu,. PW-IB .52 Dypeml? .5‘9 Temnpe. S0 .42
oz, atme oc, atm. tension %, atme
tension tension
22,1 0.582 20 0.510 0.194 1G5 0.082
31.0 G 7k 17.6 0.2 0. 240 22404 0072
L3 0.435 3lal {,31F 0,100 Ll O 0Li
16,0 0.562 Hliel 1,132 a2 305 0,068
5 o) 0WG10 377 Ueli Je005 15,0 0090
172 Oeiptils 31.U Ua336 Cel26 9% CL.092
W5 0.302 20,7 U2 SINRITSY 17.2 0,080
3940 (.262 33.5 €310 Cal12 3045 D.ublh
210-‘4 Dq‘llgh l(e oli Uchzl-v& L.J.;L% 3908 Oooh?
Fo2 0,54 21.4 0,684
21.3 0J.500 - Gl 0,093
33.‘3 0.3311 2103 0.6\32
210 0.is8 33.8 (o558
21.3 0,056
Table 4. Statistical analysis
o Equation of regression line Calculated T value
w Lxperimental iredicted ™ .2-3
i)
”~ i Y
12,09 Y = £5.9 = 90.6 X Y = 510,50 - 952 X L1486
13,52 T e 806 192X T.cou.e - 1212 97,16
. Vel ~ :
17.59 Y = 65.9 - 321.0 X Y e 503,3 - 3333 X Shel?
, ~ . A . .,
20-152 Y = ?505 - 699.8 X Y = 553‘3 - 0666 X 5{).02

#  AlL values are hijghly si;nificant at the 1 percent level.
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Table 5. Corrected and uncorrected tensiometer readings Zor the G-,
12~, 13-, and 2L-inch depths. Lo correction was applied to
the 18- and 2L=inch depths.

Day A.Me MEASUYENCTHLS 0,M. measurerents
Depth  of . " - P—— et b
year Temp, Atmospheres tension Temp.  atmospheres tension
in. oc, before after . belore after
coarrection correction correction correction

6 238 15.7 06 0eh36 1.4 04570 0.538
12 18.1 Selhio C.i26 1.8 0,520 G.506
18 15,0 0.450 - 10 G el -
ol 17.8 U e300t - 17.8 Geli78 -

6 239 15.7 172 (alilidy 17.8 (o106 0,100
12 18 0474 Coul2 13.1 Uelii2 . e19iy
138 130 SIS - 17.4 Gau76 -
2’.1 l? - & 0 .)LBZ - ? -LL G oil.llLO -—

6 2,0 a3 0.132 Uell? - - -
12 175 0222 C.21y - - -
21'.1. 17.1-1 Oo]LiBO -— - - e

6 2l 13.3 (0,296 0.276 17.1 Ca252 Co2L7
12 16.6 0620l (14250 17.2 Ue30l ©.289
13 17.3 0.h22 - 1649 Gel120 -
2‘u 17.0 0‘502 b 1?.0 Car’l;? -

6 22 3.0 04255 (4220 1643 06335 0.311
12 16.6 0,300 0,285 16.5 06350 {1.329
18 173 0415 - 16456 0el138 -
2l 17.0 0.5 - 16.6 Cabi1d -

6 213 13.0 04330 04,25 17,0 o2l 0100
12 1645 04340 0e320 1545 04398 (14373
13 17.3 OPRINTY) - 15.8 Ooh5h -
2l 17.0 0.52) = 16.6 052 -

6 21}!', 1393 Qohlé 003?6 16.6 b.SLé U.S]_S
18 17.0 Oei62 - 16,7 Seli 76 -
2k 16.7 0532 - 16.6 Cef2G -

6 2Lo 1343 0.522 0..LE6T 16.2 U6l C.00l
12 16.6 0138 0413 1645 ool W 198
1‘-; 17.\_1 Onhau ot lfaa? UOJ192 -

2h 16,7 0530 ~ 1847 0,552 -
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Table 5. Contirued
Day d.7. easurcoents JeMe measurements
Depth  of ; n i : 3
year Terp. Atmospheres tension Temp.  Atmospheres tension
in. °c, before after . before after
correction correction correction correction

6 2L6 12,5 0.638 Ge563 1.8 C.104 0.91
12 1643 (6198 U.L70 16.1 04156 0.176
18 1647 Ga5Ch - 16,7 Cag92 -
211 16 . ? { oSSO - 16 ul O -508 o

6 2h7 - - - 15.1 L1178 Cel56
12 - - - 15.1 Le200 04240
13 - - - 16.1 04112 -
I - - - 15.1 Ua556 -

& 21,8 12,0 U119k 04164 15.6 Qe2Li6 0.218
12 15.8 C o206l Oge2ldy 16,2 G300 (04280
18 161 (' o'¥10 - 161 0ol -
2}1 16.1 00552 - 1611 O-K‘SG -

6 2L 12 0,252 0.217 15,5 0,316 06293
12 15.9 0.300 0.230 1642 04336 Ge312
18 l ..:i 0.1128 -— léal O.hgé —

6 250 12,6 Do32h 04290 15,01 0370 0.363
12 15,5 0,338 0.312 16.3 0,378 0.350
2 16.1 0.056 16.1 0.556 -
12 16.1 Guh00 0,358 16.4 0..030 0olG2
18 16.0; (4458 - 16,7 G770 -
Eh 16 - 1 C’ - 51‘.‘.6 - 16 .O D 0563 -

6 252 12.8 Oeti2d 0.382 Lii.7 05060 0.530
12 16.1 (eit22 o3 16.1 090 Coli58
18 16.!& U.:.L82 - lé.l LUI.L96 -
211 léol OQS].U - 1601 DoS?S -

6 253 13.6 Gab72 G490 - - -
12 18,0 o7l Uahi20 - - -
15 15.5 (e300 - - - -
2 1546 0.370 - - - -
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