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Abstract 

Long term permeameter results are reported for Allendale and 

and Castor soils at marginally sub-zero temperatures and temperature 

gradients of 0.17°c cm-l The flow regime is interpreted in terms of soil 

stress and the Clapeyron equation. 

Résumé 

Des résultats d'essais de perméamètres à long terme sont présentés 

pour deux sols, Allendale et Castor, à des températures négatives très 

0 -1 
proches de zéro et soumis à aes gradients de température de 0.17 C cm . 

L'interprétation du régime d'écoulement se fait en fonction de contraintes 

dans le sol et de l'équation de Clapeyron. 
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I INI'R)IXJCTI CN 

In 1980-81 an apparatus was developed at the Geotechnical 

Science Laboratories :or rœasuring tern:!?erature inâuced stress 

changes in frozen ground. This refX)rt sumnarizes the results from 

exp:rirœnts conducteè during the sUIT11œr of 1982. Several 

e,XJ;erirœnts were also carried out under the present concract 

(OSU82-00226), during the p:ricd April - June 1982. These 

resul ts, along wi th the basic theory behird the eX?=rirœnt are 

presented in the final refX)rt for the previous contract (œuBl-

00119) subnitted in June 1982. 

The present v.0rk represents an extension of earlier 

research into the phenaœnon of secondary frost heaving a.-d water 

migration in frozen soils. Secondary frost heaving, that is, the 

temperature induced heaving of already frozen ground has been a 

subject of major concern in relation to the prq:::osed buried gas 

pip:lines in the canadian Arctic. Prediction of the rate of heave 

is an essential element in the design of any major gas pipeline. 

Recent field investigations in the United States, canada and the 

Soviet Union indicate that the rate of strain in frozen ground 

due to water migration, may be much greater than was previously 

envisaged. 

However, rrodels for estimating accurately, the frost heave 

in the field situation have not been successful. 'Ihis is due 

primarily to a lack of information on the entire range of boundary 

conditions which define the growth of iœ lenses in the soil, as 

well as the pararneters governing the rate of grCMt..h. 
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New discoveries are continuously being made, adding further 

canplexity to the existing theory of frost heaving. For exarnple, 

it is rt::JN believed that the rœchanism of water migration in frozen 

soils involves substantial rrovements of pore ice as well as liquid 

water in res:pJnse to ternperature gradients. Experirœnts conàucted 

under the previous contract derronstrated the rroblli ty of ice 

during regelation transport, (Williams and ¼cod, 1980}. In 

addition, results fran the present investigation indicate that the 

rise in heaving stress is de:pendent upon the rœchanical properties 

of the soil as well as the thernojyr.amic and hydrodyœmic 

conditions. Thus it appears that further researcn on the 

fundamental properties of frozen soils will be required before a 

realistic nodel of frost heaving can be developed. 

II NA'IURE OF 'IHE EXPERIMENT 

l. Apparatus and Procedure 

The apparatus consists of a cylindrical perspex sample 

holder (3.50 an long, internal diameter = 5.40 an) which is 

interposed between two aluminum erd plates containing small end 

reservoirs filled with lactose solution. (see scale drawing 

Figure 2 .1 ) • The tempe rature of the erd plates is con trolled to 

an accuracy of_:: 0.01°c with a thenroelectric cooling system. 

Soil pressures and temperatures are oonitored with small sensing 

devices rrounted in the walls of the cell. Flow between the 

reservoirs and the soil is measured by observing the position of 

rœniscii in small capillaries connected to the eoo reservoirs. 

( See Figure 2. 2) • A semi permeable membrane separates the 
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Figure 2. 1 

CROSS-SECTION OF THE EXPERIMENTAL APPARATUS 
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SCHEMATIC REPRESENTATION OF THE ENTIRE EXPERIMENTAL ASSEMBL Y 
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reservoirs fro~ the sample permitting water te enter the soil but 

restricting th~ entry of lactose. 

A detailed description of the experimental procedure as 

well as the various technical aspects invo1'•ed in running · the 

experiments is prcvided in the final report submitted earlier in 

the year. 

2. Use of Lactose 

Lactose solution is useà in the end reservoirs for two 

reasons: 

(1) to prevent freezing in the reservoirs and (2) to eliminate 

potential osmotic gradients between the reservoirs and the sample 

wh~ch would otherwise occur if pure water was used. The concent-

ration of the lactose is adjusted so that ideally, in the static 

situation (thac is und~r no flow conditions), chemical equilibrium 

exists between the water in each reservoir and the adjacent soil. 

In theory, at least, if the solute concentration is adjusted 

precisely, the flow of water between the reservoirs and the soil 

should be produced entirely by the temperature induced gradients 

of po ten ti al wi thin the so il i tself • 

In general, the experiment is limited to relatively warm 

temperatures> -o.s0 c since, at this temperature, the concent

ration of lactose (83.2 gl-1) is near saturation. In 

addition, there are also significant deviations from ideality at 

concentrations exceeding this limit.l 

l An ideal solution is one in which the chemical potential 
of any component increases linearly with the logarithm of 
the mole fraction of that component wi th slope RT. 
(Prigogine and Defay, 1954). 
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3. Soil Samples 

Soil samples were prepared as slurries using deaired, 

deionized water and frozen rapidly in the sample container prior 

to assembling the apparatus. Two locally ~btained soils were used 

in the experiments: (1) A colloidal soil, Allendale silty cla.y, 

which contains slightly less than 50% clay sized particles, (2) 

Castor sandy loam, a non-cohesive granular material containing 

slightly less than 3% clay sized particles. A table ~isting the 

physical properties of both soils as well as graphs of their pore 

composition and hydraulic properties in the frozen slate are 

provided in the final report by Williams and Wood (1982). 

Although both soils have large quantities of silt present, 

their properties are markedly different due to the presence of 

large quantities of clay minerals (chiefly illite and chlorite) in 

the Allendale. When rapidly frozen, the Allendale soil exhibits a 

dense pattern of randomly oriented ice lenses ranging from 

hairline thickness up to O. 2 cm thick. In contrast, wi th the 

Castor soil, usually no ice lenses are visible, all of the ice 

apparently existing as pore ice. 

III RESULTS AND DISCUSSION 

Results from experiment nos. 25 and 26 which are long-tenn 

tests on the Allendale and Castor soils are plotted in Figures 

3.1 - 3.4. Relevant date obtained from additional experiments 

conducted during the summer are also listed in tabular form in 

Appendix I. Although there was some degree of variation in the 

6 
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Figure 3. 1 

TEMPERATURE PROFILE OF SOIL SAMPLE DURING APPROACH TO STEADY-STATE 
HEAT TRANSFER (Experiment Number 25) 

Allendale Silty :::1ay 
Temperature Gradient : .:::: O. 171 ° C cm· 1 

Cumulative Time 
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t4 = 1470 
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Figure 3.2a 

PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 

Experiment Number: 25 
Sample : Allendale Silty Clay 

~ 

Mean Tempe1ature of Soil : -0.20" C 
Temperature Gradient: O. 171 • C cm· 1 

Atmosphenc Pressure: 101.09 KPa 
MembranP. : Cellulose Acetate (AC-61) 
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Figure 3.2b 

PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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PLOT.OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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Figure 3.2d 

PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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Figure 3.2e 

PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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Figure 3.2f 

PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DU RING TEMPERATURE INDUCED MOISTURE MIGRATION 
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Experirnent Number: 25 
Samµle: Allendale Silty Clay 
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Figure 3.2g 

PLOT OF PRESSURE AND FLOW vs CUMULATIVE: TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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Experiment Number : 25 
Sample : Allendale Silty Clay 
Mean Temperature of Soil : -0 .20° C 
Temperature Gradient : 0. 171° C cm· 1 

Atmospheric Pressure : 100.00 KPa 
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TEMPERATUR!: PROFILE OF SOIL SAMPLE DURING APPROACH TO STEADY-STATE 
HEAT TRANSFER (Experiment Number 26) 
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Figure 3.4a 

PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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PLOT OF PRESSURE AND FLOW vs CUMULATIVE TIME DURING TEMPERATURE INDUCED MOISTURE MIGRATION 
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results .:>btained fran one exp:riment to the next, certain trends 

are a.lso apparent. 'Ihese are described along wi th a preliminary 

ana.lysis of the results in sections l - 4 belCJ',il/. 

l. twbisture Moverœnts and Temperature Changes 

l>J:ter assembly the soil was brought up to an approxi.rnately 

t1niforrn temperature and allc,,.,,ed to equilibriate with me 

reservoirs before establishin3 a temperature gradient. Following 

this, the ternperature atone end of the sample was ~aised a 

fraction of a degree and the 'warrn' reservoir was flushed with tlle 

appropriate concentration of lactose. (Pure water was used when 

the 'warrn' eoo was a.l::ove cPc). In rrost instances, a nearly 

li~ear ternper3ture gradient was established within the soil in a 

perioo of a.l::out l hour, although a true steady-state profil•= did 

not occur u~til a.l::out 12 - 18 hours after the ternperature change 

was initiated. (See Figure 3.1) 

The establishment of a temperature gradient across the 

soil results initially in a large influx of water at the 'warrn' 

end of the sample, the rate of flow diminishing during the 

approach to a linear ternperature gradient. In many of the 

experiments, a small amount of outflow was observed at the 'cold' 

end of the sample although insane instances, the direction 

reversed and inflow occurred. (See Figure 3.2a). 

In general, there did not appear to be a significant 

dif ference in the total influx between the two soils, under the 

same ternperature gradient. Hc,,.,,ever, the rate of flow was 

dramatically influenced by the temperature of the soil at the 

'warrn' end. In cases where the 'warrn' end temperature was belaw 
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freezing (-0.1°C), the total magnitude of the inflow during 

the approach to steady-state thermal conditions was about 0.8 to 

1.0 cm.3. In contrast, when the 'warm' end was above freezing 

(+0.1°C), the total influx was approximately 1 order of 

magnitude greate~ (10.0 to 12.0 cm3). This can be attributed, 

at least to a large degree, on the greater permeability of the soil 

in the unfrozen layer at the 'warm' end of the sample. (This is 6 

orders of magnitude greater at +o.1°c then at -O.lOC). 

In addition, compressive strain rates, which are much greater in 

unfrozen than in frozen soils (that is under constant stress), may 

also be a s~gnificant contributing factor enabling ice lenses to 

grow much more rapidly. ( See Section 4 for discussion) • 

Contrary to expectations, water was expelled from both 

ends of the soil sample for a number of days after the initial 

influx. Flow reversal on the 'warm' reservoir (that is a change 

from inflow to outflow coincided roughly with the time that a 

steady-state temperature profile was fully established. In about 

one-half of the tests, the outflow at the 'warm' end of the sample 

exceeded that at the 'cold' end. Usually the rate of moisture 

expulsion declined to a very low level over a number of days and 

in some cases ceased after about a week. 

2. Problem of Lactose Diffusion 

Barring the possibility of equipment failure, experiments 

are generally limited induration by the slow diffusion of lactose 

molecules through the membranes. Because of this, long-term 

migration of water could not be determined owing to the gradual 

thawing of the sample. However, the problem has been greatly 
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reduced by the use of a new type of rœrnbrane permi tting 

experiments of a week or rrore to be carried out. In general, the 

rate of thawing is related to the temperature and the mineral 

comp::,sition of the soil ooth of which determine its permeability 

aoo t.hus, the diffusion coefficient for lactose. With the 

Allendale soil a thawed layer 0.l cm. thick was observed at the 

'cold' end of the sample (-0.SOC) after about 5 days (0.2 cm 

with the castor). usually the thickness was atout twice this vaiue 

at -0 .1 oc after the sarne time pe:cicd. 

'Ihe presence of a small thawed layer at the outer ooundary 

of the soil sarnple probably does not have a significant effect on 

the flow conditions wi thin the soil since the chemical p::,tential 

of the p::,re contents in the thawed zone should be approximately 

the sarne as those in the adjacent frozen zone and in the 

reservoir. However, the effect of a tha-n'E!d layer on the stresses 

generated by the soil are not known. Since the compressive yield 

strength is much lower in unfrozen than in frozen soils, it seem.s 

likely that thawing of the sample would result in greater rates of 

strain as well as a slower rise in stress, occurring wi thin the 

sample. It is desirable that these p::,tential effects be kept to a 

minimum, and so experiments are generally run for no longer than 

10 days. 

There is a p::,ssibility that lactose penetration ma.y be 

further reduced by heat treating the membranes, enabling longer 

experiments to be run. According to Sourirajan (1982), imlrersing 

the rœmbranes in water at temperatures near the ooiling p::,int 

causes a reduction in p::,re size, the arrount depending up::,n the 

ternperature and duration of exp::,sure. However, preliminary tests 
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wi th heat treated membranes are not encouraging since no 

significant reduction in lactose penetrat:..on was observed. The 

matter will continue to be investigated in the next p1'.ase of 

experimentation. 

3. Stresses Generated by the Soil 

In general, stresses tended to be muc11 grea ter towards the 

'cold' end of the cell. This follows as a resul t of the ir,crease 

in pressure wi th colder temperatures as indicated è-y the Clapeyron 

equation. According to the Clapeyron equation, the ice pressure 

increases by 1123.7 KPa c-1 (above atmosphe=ic pressure), 

ass1.1ming that the pore water pressure remai:is cons tant and equal 

to atroospheric pressure. 

In most of the experiments the stress on the 'warm' side 

of the sample remained fairly stable, within about 10 KPa of 

atmospheric pressure, throughout the experiment.2 A 

characteristic feature of all of the tests is that the stress on 

the 'cold' side of cell showed a marked periodicity, each full 

cycle lasting about 1 - 2 hours. (see examples Figure 3.2 and 

3.4). With the Castor soil, peak stresses generally varied 

between about 20 and 50 KPa, whereas with the Allendale, the peaks 

were much greater, frequently exceeding 100 KPa. Overall, there 

2 In two of the tests there was a tendency for the stress on 
the 'warm' side of the cell to rise on the second or 
third day of the experiment to about 30 - 40 KPa above 
atmospheric pressure. (see experiment nos. 15 and 22). 
This was followed by a gradual decline back towards 
atmospheric pressure during the remainder of the 
experiment. 
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was a tendency for the stresses on the 'cold' side of the cell to 

decline towards atmospheric pressure with time, the peaks in 

stress becoming less frequent after a week or so. 

4. Analysis of Resul ts 

There appears to be a close correspondence between t~e 

magnitude of the peak stresses occurring within the soil and the 

:0ng- term tensile streng th a t of similar mate!:"ials at 
it t 

Values of a 9_ t = 30 KPa for a approximately the same temperature. 

sil ty heavy sandy loam, which is similar to the Castor, at -O. 2oc 

to -O. 4°c and 
t 

ait= 100 - 200 KPa for claye y sil t ( similar to 

t~e Allendale) at -o.s0 c, are listed in Tsytovitch (1975) and 

Johnson (1981). The following explanation is proposed. 

Establishment of a temperature gradient across the soil, 

generates a segregation potential at some point behind the 

OOC isotherm, the ice pressure at that point slowly rising 

toward its equilibrium value which is specified by the Clapeyron 

equation. However, ice lenses wi.11 not form until the ice 

pressure exceeds the long-term tensile of the frozen soil. Once 

this condition has been met, the soil then yields and the stress 

falls off. As heaving progresses, additional compressive yielding 

also occurs in the areas adjacent to the growing ice lens. 

However, the heaving stress continues to fall since the strain 

rate in compression is rapid at the 'warm' end of the sample 

particularly when the temperature is above freezing. 

The maximum possible heaving pressure that can be 

generated by the soil is dependent upon the temperature at which 

the ice lenses form. This relationship is indicated by the 
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Clapeyron equation, which, expressed in finite form, is given as: 

--1....àJ' 
V T 

W . 

where Pi and Pw = the i~e and water pressure, 

L ; the latent heat of fusion of water, 

vw = the specific volume of water, 

T .. the absolute temperature of the system, 

t:. T "' the difference be tween the normal 

freezing temperature of water (absolute) 

and the accual temperature of the system . 

The Clapeyron equat~on indicates a theoretical limit of 

1123.7 KPa c-1 However, this limit is probably never attained 

due to yieldi ng of the soil. 

Deformation of the soil is manifested at least to some 

degree by the stress induced melting of existing segregation ice 

in the areas adjacent to the actively forming ice lenses. This 

accounts for the continual expulsion of water from both ends of 

the sample, the rise and fall in pressure on the 'cold' sicle 

acting as a kind of pump sustaining the movement. One would 

expect that yielding would tend to be much greater towards the 

'warm' end of the sample since the compressive strength there, is 
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much lower there than at the 'cold' end ,3 It seems curious that 

ice lens gro.vth continues to occur within the sample even though 

noisture is being exp2lled from both ends, l.ITlplying dessicat:on of 

the scil rather than heaving. 'Ihe only accet=table explanation for 

this seemingly apparent contradiction is that, once a steady-state 

temp,2rature profile has been attained, further growth of 

segregation ice occurs as a result of internal redistributions of 

vrc.ter and ice withir:. the soil. {i.e. water am pore iœ noving 

fran warrœr ta.vara colder reg ions wi thin the soil) • In other 

....ords, noisture expulsion fran the reservoirs implies yielding 

t~ards the extremities of the sample particularly at the 'wann' 

em. Evidence for this a:mclusion is that, in the majority of 

tests, outflo.v is much greater at the 'wann' end of the sample 

than at the '-::old' end. 

N FU1URE RESEARŒ 

l. Uncertainty remains over whether, the soil eventually 

stabilizes to.vards a static {no fla.,,,) situation, or whether 

rroisture expulsion fran the warm reservoir eventually reverses 

direction and a slo.v steady flow of water proceeds in the 

direction of colder temp:ratures, as predicted by theory. 

Tests of 10 days duration or nore should be conducted to 

determine the ultimate fla.,,, situation as well as the resulting 

stresses within the soil. 

3 According to Tsytovitch (1975), the long-term canpressive 

strength of frozen soils, o1 t is related to the temperature T 

by: o c = a + bT t t 

where a am b are pararœters. 
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2. It is assurœd that the value which is recorded by the 

pressure transducers represents the total stress at 

that location within the column. 'Ihe total stress at any 

i;:oint is defined as the sum of the intergranular stresses 

between the soil particles as well as the neutral stresses 

generated by the pore contents of the soil. 'Ihere is, 

however, a !?()ssibility that there ma.y be sane arching effect.5 

within the soil around the srnall orifices in the walls of the 

cell. If arch1ng does, in fact, occur then this would tend to 

reduce the magnüude of the stress which i.s transmitted to 

the pressure transducers. 

Improvements to the existing system of pressure rœasurerœnt 

could be acco:nplished by attaching a small copper tube to the end 

of each transducer, the tube extending sane distance into the 

sample. A bulb shaped rubber membrane filled with oil or grease 

fitted over the open end of the tube would actas the pressure 

sensitive area. N:>t only would this arrangement avoid i;:otential 

arching effects but it would also enable rœasurement of isotropie 

stresses generated by the soil. (Axial stresses are not measured 

wi th the present arrangement). 

3. It is also recarmended that strength testing be carried out at 
t 

a future da te, to de termine oit for both soils. Al though 

values for similar soils are listed in Tsytovitch (1975) and 

Johnson (1981), additional corroborating evidence is not 

readily available since rrost strength testing has been done 

at relatively cold ternperatures (less than -1°c). Testing 

of the Allendale and Castor soils would involve measuring the 

strain rate at constant stress over a long time interval at 

various increments in ternperature between cPc and -o.s0 c. 
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APPEt-IDIX I 

A REOORD OF 'IEE EXPERIMENTAL RESULTS 



Cumulative Time: Total time elapsed (in minutes) since 

tanperature control was first established in the 

soil sarnple (1440 minutes=24 hours) 

Pressure: 

Fl™: 

Thermistor code: 

Total stress in !<Pa indicated by each transduœr, 

relative to current atnospheric pressure. 

(+) values indi~te pressures that are greater 

than atrrospheric and(-) values pressure that 

are less than at:nospheric. 

At:Irospheric pressure is recorded at each reading 

fran a mercury in glass baraneter rrounted on the 

wall of the la.boratory. 

Total fl™ in an3 since the start of each 

reading session. {-) values indicate infl™, 

that is rroisture fl™ fran the reservoir into 

the soil. (+) values iooicate outfl™· 

T1 - Ternperature of 'warm' plate 

T2 - Ternperature of soil 1.985 cm fran T1 

(0.5 cm fran B1) 

T3 - Ternperature of soil 3.235 cm fran Tl 

( l. 75 cm fran B1 and B2) 
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1 

Pressure 

T4 - Temperature of soil 4.485 cm fran T1 

(0.5 cm fran B2) 

T5 - Temperature of 'cold' plate 6.470 cm fran 

B1 - PDundary of 'warm' end of soil sample 

B2 - Boundary of 'cold' end of soil sample 

Transducer Code: P1 - Total stress 2. 635 cm fran T1 

(1.15 cm fran B1) 

Reservoir Code: 

P2 - Total stress 3.835 cm fran T1 

(1.15 cm fran B2) 

R1 - 'warm' end reservoir 

R2 - 1 cold 1 eoo reservoir 

'Ihe following values were determined after each experiment was 

dismantled: Lf - Length of frozen section of sample, an 

W - Water content of sample, % dry weight 

p - Bul.k density of sample, gm an-3 
B 

tUI'E: Readings ~re taken at 10 or 15 minute intervals for the 

first hour of each experiment aoo then at half hour 

intervals for the remainder of the test. Approximately 

6 hours of readings were taken each day. 'Ihe total flow 
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between each reading session was also recorded with a 

large àiameter capillary attached to each reservoir. This 

is indicated by an asterisk * beside the time. The symbol 

indicates that the flow exceeded the volume of the 

capillar.y. 
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EXPERI.MENT 00. 22 

Allendale Silty Clay 

Ternperature Gradient= 0.171 °c cm-1 

Lf = 2.20 an 

Tenperature 0 c _ 
Lactose Concentration gl-~ 

W • 55.72% 

PB = 1.03 gm an-3 

'flarm' Reservoir 'Cold' Reservoir 

+0.10 
0 

-o.so 
83.20 
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EXPERIMENT NO. 22 

ALLEN DALE SILTY CLAY 

Cumulative 'fherniistor Temperature oc Pressure KPa Flow 3 cm 
Time 

Minutes Tl T2 T3 T4 T5 Pl p2 Rl R2 

95 -0.505 -0.470 -0.495 -0.500 -0.500 36.73 150.12 0 0 

105 -0.505 -0.290 -0.465 -0.500 -0.500 9.12 70.94 - 79.89 - 43.07 

115 +0.100 -0.225 -0.425 -0.495 -0.500 82.80 88.24 -157.69 - 54.18 

1 25 +0.100 -0.190 -0.400 -0.475 -0.500 50.69 100.42 -238.69 - 54.18 

1J5 +0.100 -0.165 -0.370 -0.460 -0.495 -0.16 38.11 -323.43 - 54.18 

165 +0.100 -0.135 -0.320 -0.435 -0.500 25.83 32.55 -537.38 - 54.18 

195 +0.100 -0.115 -0.300 -0.420 -0.500 -2.68 10.57 -663.14 - 54.18 
225 +0.100 -0.100 -0.265 -0.405 -0.500 -1. 92 -25.27 -812.90 - 54.18 

255 +0.100 -0.090 -0.2:i0 -0.400 -0.500 -0.16 1. 29 -919.94 - 54.18 

285 +0.100 -0.080 -0.245 -0.395 -0.500 -0.38 -10.87 -1018.67 - 54.18 

315 +0.100 -0.075 -0.230 -0.385 -0.500 -0.45 -1. 81 -1112.11 - 54.18 

345 +0.100 -0.070 -0.LJ0 -0.380 -0.500 -0.61 -1. 52 -1162.06 - 54.18 

375 +0.100 -0.065 -0.230 -0.380 -0.500 -1. 44 -1. 51 -1210.25 - 54.18 
405 +0.100 -0.060 -0.215 -0.380 -0.505 -1. 74 -1. 74 -1247.86 - 54.18 

410 +0.100 -0.060 -0.215 -0.380 -0.505 -0.91 -0.60 0 0 
1380* +0.100 -0.020 -0.200 -0.370 -0.505 29.53 30.15 >294.0 11. 81 
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EXPERIMENT NO. 22 

ALLEN DALE SILTY CLAY 

Cumulative Thermistor 0 Pressure KPa Flow 3 
Temperature C cm 

Time 
Minutes Tl T2 T3 T4 TS Pl p2 Rl R2 

1380 +0.110 -0.020 -0.1851 -0.355 -0.490 30.68 23.76 0 0 

1410 +0.100 -0.015 -0.180 -0.355 -0.500 22.97 22.42 7.29 22.05 

14 4 0 +0.100 -0.015 -0.190 -0.360 -0.500 24.50 -1. 89 11. 46 48.27 

1470 +0.090 - 0.015 -0.180 -0.360 -0.500 27.40 49.18 20.66 64.26 

1500 +0.0<}0 -0.015 -0.180 -0.360 -0.500 30.31 0.48 27.08 72.58 

1530 +0.090 -0.015 -0.180 -0.360 -0.500 33.35 89.97 43.40 85.08 

1590 +0.090 -0.015 -0 . 180 -0.360 -0.500 46.62 90.73 70.14 96. 02 

1620 +0.090 -0.015 -0.180 -0.360 -0.500 45.17 -3.10 75.70 97.93 

1650 +0.090 -0.015 -0.180 -0.360 -0.500 31. 54 0.27 79.17 100.01 

1680 +0.090 -0.015 -0.180 -·o. 360 -0.500 42.99 64.59 94.10 104.53 

1710 +0.090 -0.015 -0.180 -0.360 -0.500 46.76 109.75 98.61 106.96 

1740 +0.100 -0.015 -0.180 -0.360 -0.500 44.38 1. 21 102.08 108.00 

174S +0.100 -0.055 -0.180 -0.360 -0.500 39.50 2.12 o· 0 

2860 * +0.100 -0.015 -0.180 -0.370 -0.510 52.77 119.93 ;>174.0 25.01 
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EXPERIMENT NO. 22 

ALLEN DALE SILTY CLAY 

Cumulative 'l'hermistor 0 'l'empera ture C Pressure KPa Flow 3 
cm 

Time . 
Minutes Tl T2 T3 T4 T5 Pl p2 Rl R2 

2865 +0.110 -0.010 -0.185 -0.345 -0.480 47.51 91.77 0 0 
( 

2900 +0.100 -0.010 -0.180 -0.350 -0.500 19.82 -1.08 0 28.13 

2925 +0.100 -0.005 -0.180 -0.350 -0.500 3.12 -0.92 0 28.13 

2985 +0.100 0.000 -0.175 -0.350 -0.500 6.55 20.46 17.02 66.68 

3015 +0.100 +0.005 -0.175 -0.350 -0.500 11.88 0.36 17.02 72.24 

3045 +0.100 +0.005 -0.175 -0.355 -0.500 15.51 24.75 18.76 77.80 

3075 +0.100 +0.005 -0.175 -0.355 -0.500 17.03 l. 39 22.58 80.93 

3105 +0.100 +0.005 -0.175 -0.355 -0.500 18.38 29.53 29.01 84.06 

3135 +0.100 +0.005 -0.175 -0.355 -0.500 19.54 l. 38 33.00 85.08 

31G5 +0.100 +0.005 -0.175 -P.355 -0.500 22.15 62.28 42.90 88.23 

3195 +0.100 +0.005 -0.175 -0.355 -0.500 23.74 l. 84 45.68 88.75 

3225 +0.100 +0.005 -0.175 -0.355 -0.500 23.57 56.09 52.11 88.92 

3230 +0.100 +0.000 -0.175 -0.355 -0.485 21.14 10.88 0 0 

4305* +0.110 +0.020 -0.185 -0.350 -0.500 7.82 105.51 116.70 0.35 
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EXPERIMENT NO. 22 

ALLEN DALE SILTY CLAY 

Cumulative 'l'hermis tor Temperature 0 c Pressure KPa Flow 3 cm 
Time . 

Minutes Tl T2 T3 T4 T5 Pl p2 Rl R2 

4305 +0.110 +0.045 -0.145 1 -0.315 -0.455 1. 03 -29.03 0 0 

4335 +0.110 +0.040 -0.125 -0.315 -0.500 0.53 -0.38 0 1. 39 

4365 +0.110 +0.035 -0.125 -0.325 -0.500 1.14 1.14 -1.04 15.98 

4395 +0.110 +0.030 -0.130 -0.325 -0.500 -2.67 -42.85 9.03 25.53 

4425 +0.110 +0.030 -0.130 -0.330 -0.500 -2.45 -17.66 11.11 27.27 

4455 +0.090 +0.030 -0.130 -0.330 -0.500 -2.90 -21. 32 17.71 28.49 

4485 +0.110 +0.030 -0.130 -0.330 -0.500 -2.45 -17.43 19.62 28.84 

4515 +0.105 +0.030 -0.130 --0. 330 -0.500 -2.89 -18.~4 20.32 28.84 

4545 +0.100 +0.030 -0.130 -0.330 -0.500 -2.36 -17.35 21.71 28.84 

4S75 +0.100 +0.030 -0.130 -0.330 -0.500 -2.82 -18.57 21.71 28.84 

4605 +0.100 +0.030 -0.130 -0.330 -0.500 -2.28 -17.42 22.23 28.84 
4635 +0.100 +0.030 -0.130 -0.330 -0.500 -2.80 -18.85 22.23 28.84 
4665 +0.105 +0.030 -0.130 -0.330 -0.500 -2.17 -17.39 22.23 28.84 



EXPERIMENT NO. 23 

Allendale Silty Clay 

Temperature Gradient= 0.171 °c -1 
cm 

Comments: Experiment àismantled on third da y 
due to inc~bator failure 

'Warm' Reservoir 

0 
Temperature C _ 1 

Lactose Concentration gl 
+0 . 10 

0 

'Cold' Reservoir 

-0.50 
83.20 
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EXPERIMENT NO. 23 

ALLEN DALE SILTY CLAY 

oc Flow 
3 

_· ,!?11 '..!l ative Thermistor Temperature Pressure KPa cm 

':' :.. rne 
'.-'. ~ •rn tes Tl T2 T3 T4 T5 Pl p2 Rl R2 

80 -0.500 -0.535 -0.580 -0.550 -0.500 29.75 104.41 0 0 

85 +0.100 -0.390 - 0.570 -().540 -0.500 32.03 84.78 75.81 -3.82 

95 +0.110 -0.275 -0.510 -0.520 -0.500 39.44 44.38 61.12 -9.03 

105 +0.100 -0.220 -0.465 -0.495 -0.500 37.99 21.77 -13.51 -15.46 

115 +0.100 -0.185 -0.415 -0.470 -0.500 35.17 18.73 -69.34 -15.98 

145 +0.100 -0.135 -0.330 -0.425 -0.500 13.22 6.80 -249.16 -27.44 

175 +0.100 -0.105 -0.290 -0.410 -0.500 9.81 13.67 -409.01 -35.77 

205 +0.100 -0.090 -0.260 -0.395 -0.500 7.01 15.97 -538.29 -43 . 76 

235 +0.100 -0.080 -0.240 -0.385 -0.500 5.73 23'. 22 -606.75 -50.36 

265 +0.100 -0.070 -0.225 -0.375 -0.500 4.68 8.17 -704.60 -58.01 

295 +0 . . 100 -0.060 -0.215 -0.370 -0.500 4 ·. 59 20.03 -804.55 -61. 48 

325 +0.100 -0.050 -0.205 -0.365 -0.500 4.97 7.47 -875.02 -66.34 

385 +0.100 -0.040 -0.200 -0.365 -0.500 5.01 24.82 -968.16 -72.24 

415 +0.100 -0.0]5 -0.195 -0.360 -0.500 5.22 7.79 -1017.23 -78.49 

445 +0.100 -0.035 -0.190 -0.360 -0.500 6.82 13.20 -1037.21 -81.96 

470 +0.100 -0.030 -0.180 -0.365 -0.500 4.76 0.64 0 0 

1335 ). 
·I O .110 +0.010 -0.170 -0.365 -0.500 21.86 12.68 > 294.0 8.52 

-
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EXPERIMENT NO. 23 

ALLEN DALE SILTY CLAY 

oc Flow 
3 

•...: u 111 ula ti ve Thermistor Temperature Pressure KPa cm 

'I' i. me 
i- '. .:. nutes Tl T2 T3 T4 T5 Pl p2 Rl R2 

1340 +0.120 -0.015 -0.170 -0.335 -0.485 15.22 13.59 0 0 
1370 +0.100 -0.010 -0.160 -0.345 -0.495 9.60 11.86 4.51 -6.95 

1520 +0.100 -0.005 -0.160 -0.345 -0.500 6.25 0.91 42. 37 -32.30 

1550 +0.100 -0.005 -0.160 -0.345 -0.500 6.99 2.56 62.34 -43.07 

1580 +0.100 -0.005 -0.160 -0.345 -0.500 7.07 l. 73 76.06 -56.10 

1610 +0.100 -0.005 -0.160 -0.345 -0.500 9.20 5.06 76.41 -64.61 

1640 +0.100 -0.005 -0.160 -0.345 -0.500 10.09 4.59 78.67 -67.56 

1670 +0.100 -0.005 -0.160 -0.345 -0.500 10.35 8.04 92.91 -77.98 

1700 +0.100 -0.005 -0.160 -0.345 -0.500 10.49 4·. 6 8 108.89 -88.75 

1730 +0.100 -0.005 -0.160 -0.345 -0.500 10.67 7.61 121.74 -95.70 

17]5 +0.100 -0.005 -0.160 -0.315 -0.500 8.23 3.72 0 0 

2815 * +0.160 +0.050 -0.090 -0.290 -0.495 2.11 15.04 ::> 238.0 > -147.0 
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EXPERIMENT NO. 24 

Castor Sandy Loam 

Temperature Gradient 0.061 oc -1 = cm 

Lf = 2.20 cm. 

w = 22.92 % 

PB 1. 64 
-3 = gm cm 

'Warm Reservoir 

. T o emperatu!"e C 

-1 
Lactose Concentration gl 

-0.085 

15.24 

'Cold' Reservoir 

-0.30 

52.91 

43 
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EXPERIMEN'I' NO. 24 

CASTOR SANDY LOAM 

oc Flow 
3 

· ! . . ~ :~ .:i t ive 'l'hermis tor Te rnpc rature Pressure KPa cm 
1 • 1 : ' "' \ ' :::t. 

1 _ 1 .. L:: 

Rl R2 /. '. .: ! , l! te S Tl T2 T3 T4 T5 Pl p2 

135 -0.300 -0.270 -0.265 -0.260 -0.300 9.80 13.66 0 0 

145 -ù.100 -0.265 -0.270 -0.260 -0.300 10 . 50 13.75 0 0 

160 ·-0.100 -0.215 -0.255 -0.255 -0.300 11.70 13.12 -120.87 -0.17 

175 -0.100 -0.195 -0.245 -0.255 -0.300 11. 26 12.00 -151.26 -0.34 

205 -0.100 -0.170 -0.225 -0.255 -0.300 11. 00 13.41 -187.38 -0.86 

235 -0.100 -0.160 -0.21S -0.245 - 0.300 10.38 12.15 -224.54 -6.59 

265 -0.105 -0.150 -0.205 -0.240 -0.300 10.53 9.52 -246.94 -8.15 

295 -0.100 -0.150 -0.200 -0.235 -0.300 11. 40 l. 41 -266.91 -9.71 

325 -0.100 -0.145 -0.195 -0.235 -0.300 11. 64 ,'8. 95 -303.38 -12.14 

355 -0.100 -0.140 -0.190 -0.235 -0.300 11. 59 9.44 -315.88 -11.79 

385 -0.110 -0.140 -0.190 -0.235 -0.300 11·. 75 9.59 -323.87 -11.79 

415 -0.100 -0.140 -0.185 -0.235 -0.300 11. 71 9.48 -329.77 -11.79 

445 -0.100 -0.140 -0.185 -0.235 -0.300 12.01 9.93 -333.59 -11.44 

475 -0.095 -0.135 -0.185 -0.235 -0.300 11. 81 9.50 -339.15 -11.44 

505 -0.095 -0.135 -0.185 -0.235 -0.300 11.76 9.30 -357:15 -11.44 

- 525 -0.095 -0.130 -0.185 -0.230 -0.300 11. 39 3.44 0 0 

1320 * -0.085 -0.120 -0.170 -0.225 -0.295 10.70 8.24 -73.45 2.08 
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EXPERIMENT NO. 24 

CASTOR SANDY LOAM 

oc Flow 3 
' , ! 11 , L!l a ti ve Thermistor Temperature Pressure KPa cm 

'l' i P!~ 
Pl p2 Rl R2 !·! i . !I u tes Tl T2 T3 T4 T5 

1380 -0.110 -0.115 -0.165 -0.215 -0.295 11. 66 9.05 0 0 

1410 -0.100 -0.120 -0.170 -0.215 -0.300 13.04 9.43 0.17 2.78 

1440 -0.090 -0.125 -0.170 -0.225 -0.300 12.67 4.04 0.17 12.85 

1470 -0.090 -0.125 -0.170 -0.225 -0.300 13.01 8.42 0.17 15.80 

1500 -0.090 -0.120 -0.175 -0.225 -0.300 12.51 2.21 0.17 15.97 

1530 -0.095 -0.120 -0.175 -0.230 -0.300 12.43 5.56 0 17.01 

1560 -0.085 -0.120 -0.175 -0.230 -0.300 12.08 1. 71 0 19.27 

1590 -0.090 -0.120 -0.175 -0.230 -0.300 12.06 4.34 0 19.79 

1620 -0.090 -0.120 -0.175 -0.230 -0.300 11.83 1. 61 0 21.53 

1650 -0.085 -0.115 -0.175 - .0. 230 -0.300 11. 81 5.63 0 21.70 

1680 -0.085 -0.115 -0.175 -0.230 -0.300 11. 68 1. 54 -0.17 21.70 

1710 -0.085 -0.115 -0.175 -0.230 -0.300 11. 72 5.08 -0.17 21.70 

1740 -0.085 -0.115 -0.175 -0.230 -0.300 11. 60 1. 53 -0.34 21.70 

1770 -0.085 -0.115 -0.175 -0.230 -0.300 11. 58 4.26 - 0.34 21.70 

1800 -0.085 -0.115 -0.175 -0.230 -0.300 11.15 0.47 -0.34 21.70 

1850 -0.090 -0.085 -0.140 -0.205 -0.300 10.32 3.45 0 0 

2745 * -0.090 -0.115 -0.170 -0.225 -0.305 9.32 7.85 -49.07 -8.22 
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EXPERIMENT NO. 24 

CASTOR SANDY LOAM 

oc Flow 
3 

i::,1uL1tive Thermistor Tempcrature Pressure KPa cm 

·~, ~.P,e 
p2 Rl R2 :-:.:._:1ute s Tl 'l' T3 T4 T5 Pl 2 

2760 -0.085 -0.105 -0.170 -0.215 -0.300 7.77 6.01 0 0 

2790 -0.085 -0.105 -0.170 -0.220 -0.300 8.50 0.56 -20.15 37.86 

2820 -0.085 -0.105 -0.170 -0.220 -0.300 8.50 2.24 -23.97 53.32 

2850 -0.085 -0.110 -0.170 -0.225 -0.300 8.65 1.17 -29.01 57.84 

2880 -0.085 -0.110 -0.170 -0.220 -0.300 8.78 2.75 -29.01 69.47 

2910 -0.085 -0.110 -0.165 -0.225 -0.300 8.54 0.61 -36.13 71. 55 

2940 -0.085 -0.110 -0.165 -0.220 -0.300 8.68 1. 82 -38.04 71.90 

2970 -0.085 -0.llU -0.165 -0.225 -0.300 8.56 0.85 -42.03 73.12 

3000 -0.085 -0.110 -0.165 -0.225 -0.300 8.64 2.00 -44.11 73.12 

3030 -0.085 -0.110 -0.165 -0.220 -0.300 8.53 0.82 -47.23 73.12 

3060 -a.pas -0.110 -·0 .165 -0.220 -0.300 a:61 1.66 -47.23 73.12 

3090 -0.085 -0.110 -0.165 -0.220 -0.300 8.47 0.77 -52.61 73.12 

3120 -0.085 -0.110 -0.165 -0.220 -0.300 8.52 1. 88 -56.43 73.12 

3150 -0.085 -0.110 -0.165 -0.220 -0.300 8.49 1. 62 -61. 4 7 72.95 


