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DR. HANS F. WINTERKORN 
Professor of Geophysics and Civil Engineering 

Director, Soil Physics Laboratory 
Princeton University 

Dr. Wiriterkorn came to this country in 1931, the same year he received 
his doctorate in physical chemistry from Heidelberg University. Born 
November 24, 1905, in Mannheim, Baden, Germany, he became a natural-
ized citizen of the United States in 1938. His early work in Missouri during 
the 19301s, as a. researcher, engineer, and consultant to the Missouri State 
Highway Department and as researcher and professor at the University of 
Missouri, was dedicated to helping Missouri "get out of the mud." This 
battle cry of the highway department focused his attention on the water-
proofing of clays and enabled him to develop the basic principles of soil 
stabilization that he has promoted through the years. 

Moving to Princeton University in 1943, he established the first soil 
physics laboratory and started the first course ever given on the chemical 
behavior of soils and their possible stabilizers. During and after World 
War II his knowledge helped the Army and Navy stabilize military bases, 
roads, and ocean beaches. 

His broad interest in physicochemical phenomena in soils led to extended 
research and theoretical developments relating to water conduction in soil, 
thermoelectric effects, thermo-osmotic effects, macromeritic systems, 
and granulometric principles, among many others. These developments 
have become increasingly important with the necessity for understanding and 
solving lunar soils problems, and some of his most recent works have been 
along these lines. Problems in the closely related fields of bituminous-soil 
stabilization and adhesion between bitumen and mineral surfaces have also 
been successfully overcome by the application of the basic physicochemical 
principles. 

No contribution can be singled out as most important, but perhaps the 
most lasting will be the philosophical approach to the art of. soil science and 
soil engineering. This philosophy has led him to seek out the basic and 
fundamental causes he has transmitted to his students as a professor, to his 
employers as a consultant, and to his fellow workers around the world as a 
dedicated scientist and. engineer. 

As Chairman of the Committee on Physico-Chemical Phenomena in Soils 
he has organized several international symposia and sponsored many ses-
sions. Notably, the symposia on soil stabilization and on water and its con-
duction in soil received worldwide acclaim. His 30 years of service as 
Chairman have been invaluable to the Highway Research Board and to the 
fields of soil science, soil stabilization, and soil physics. These contribu-
tions have been evident in many phases of highway and soil engineering 



practices. He currently serves on the Executive Committee of the Depart-
ment of Soils, Geology and Foundations and on its Committees on Soil-
Bituminous Stabilization and Sub-Surface Drainage, as well as on the 
Materials and Construction Committee on Effects of Natural Elements and 
Chemicals on Bitumen-Aggregate Combinations. To date he has had four-
teen other major committee assignments with the Highway Research Board. 

DEDICATION 
This Conference is dedicated to Dr. Winterkorn for those 30 years as 

Committee Chairman and for his outstanding contributions. Dr. Oscar T. 
Marzke, Chairman of the Executive Committee of the Highway Research 
Board, related the foregoing facts as he dedicated the Conference and intro-
duced Dr. Winterkorn. 

The Committee on Physico-Chemical Phenomena in Soils, under the 
Chairmanship of Dr. James K. Mitchell, organized and implemented this 
International Conference, for which the groundwork had been laid by Dr. 
Winterkorn. 

These Conference Proceedings have been assembled in three parts. 
Part I, "Introduction and Summaries," includes the Keynote Address and 
General Reports. Part II, "Thermal Characteristics of Soils, Thermo-
dynamics of Soil Systems, Fluid Flows, and Frost Action," includes the 
papers covered by the general reporter, moderator, and panelists in the 
first session of the Conference. Part Ill, "Temperature Effects on the 
Engineering Properties of Soils," includes the papers covered by the gen-
eral reporter, moderator, and panelists in the second session. Descriptive 
forewords precede each part. 

As a whole the Conference has made significant contributions to the 
scientific world through the exposure and open discussion of the approaches 
to problem solutions as well as the compilation of these outstanding papers, 
which will serve as a ready reference. Together they will help correlate 
the practically important phenomena with fundamental physical andphysico-
chemical factors and laws. These cannot help but stimulate understanding 
and research in other fields of theoretical and applied soil science. 
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is due to the complete cooperation evidenced throughout by authors, mod-
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James K. Mitchell, University of California, Berkeley 
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Parti 

INTRODUCTION AND GENERAL REPORTS 



FOREWORD TO PART I 
Dr. Winterkorn's Keynote Address philosophically sets the tone 
of the Conference with these words: 	. . to bring to the con- 
sciousness of the soils engineer the existence of thermodynamics, 
not as a collection of equations from which one selects those 
that appear pertinent and plugs the right data into them, but 
as a working philosophy of both qualitative and quantitative 
character that combines philosophical universality with prac-
tical applicability. . . ." An important example of the applica-
tion of "thermodynamic thinking" is to the solution of granular 
systems in terrestrial or lunar environments. More of this is 
needed along with the development and expandeduse of "electro-
chemical methodology." 

The general reporter -moderator -panel format was followed 
to handle the 22 papers included in this International Conference. 

The papers covered in the first session are printed in Part II 
of these Proceedings. Duwayne M. Anderson, as General 
Reporter, brought out the main points of each paper. He posed 
questions to the moderator and panelists on vapor transfer in 
unsaturated soils on surface area as a relevant parameter in 
soil freezing and thermo-osmosis, and on interface intervening 
in heat conduction. 

The papers covered in the second session are printed in 
Part III of these Proceedings. James K. Mitchell, as General 
Reporter, highlighted the contributions from the authors. Some 
of his queries of the panel covered the influence of temperature 
on secondary compression rates; changes to be made inlabora-
tory testing, analysis, and design procedure to account for 
strength decrease due to temperature increase; economic out-
look for thermal treatment methods; outlook for a frozen ice 
barrier in flowing groundwater conditions; and temperature-
related chemical swelling of soils. 



General Report on Thermal Characteristics of Soils, 
Thermodynamics of Soil Systems, 
Fluid Flows, and Frost Action 
DUWAYNE M. ANDERSON, U. S. Army Terrestrial Sciences Center, 

Hanover, New Hampshire 

PART I isdevoted to a consideration of the thermodynamics of soil systems, fluid 
flow, frost action, and certain thermal characteristics of soils. Two papers touching 
upon the thermodynamics of soil systems have been contributed: the paper by A. Holl 
focuses on the granular nature of soils, whereas the paper by R. Yong, R. K. Chang, 
and B. P. Warkentin touches on the thermodynamics of soil water. Dr. Holl's thermo-
dynamic treatment of soil compression follows by analogy to classical thermodynamics 
in a straightforward manner. Because of this, the approach has a certain intrinsic 
appeal. The potential value of a thermodynamic approach to soil mechanics is difficult 
to calculate. One reflects that classical thermodynamics is useful chiefly because it is 
a convenient, systematic method of arranging and cataloguing the results of experi-
mental observations that permits in advance the prediction of spontaneous processes 
and in many cases helps in arranging conditions so that borderline processes can be 
accomplished in a desired manner. Equally important are the limitations of classical 
thermodynamics: (a) as yet, it is not designed to predict the spontaneity of processes 
under non-isothermal conditions, nor (b) does it furnish information on process mech-
anisms or process rates. One also is somewhat in awe of the enormous body of experi-
mental data upon which the discipline rests, much of it accumulated by investigators 
doubtful of the conclusions derived from thermodynamic theory. Thus one is brought to 
the realization that a transfer of thermodynamic methods to new disciplines is likely to 
be widely accepted and hailed as a benefit only after a very long period of doubt and 
testing. Subsequently it will probably be found that the validity of the method rests as 
much on the results of the many experimental investigations undertaken to establish or 
test it as upon the intrinsic value of the thermodynamic method, itself. Perhaps this 
point and the problem of the selection of variables posed by this paper need further ex-
ploration. As is well known, the utility of thermodynamic theory depends crucially on 
the proper selection of variables of state; the degree to which this has been done suc-
cessfully has yet to be determined. 

For practical engineering purposes the effect of temperature on the state of soil 
water was found by Yong, C hang, and Warkentin to be negligible. In agreement with 
the findings of previous investigators, at a given soil water suction they observed that 
the amount of water retained decreases as the temperature increases, probably in the 
main because the air-water surface tension decreases as the temperature increases. 
In accordance with earlier investigations and in agreement with the prediction of double 
layer theory, swelling (imbibition of water) increased with an increase in temperature. 
There are difficulties in terminology and perhaps the basis for a disagreement in con-
cept in maintaining that the matrix potential is made up of ". . . swelling and capillary 
forces." 

Two papers on thermo-osmosis have been contributed. Again from the practical 
point of view both conclude that in saturated soils thermoelectric and thermo-osmotic 
flow is completely negligible. In unsaturated soils, water transport occurs primarily 
in the vapor phase and sometimes it is of practical significance. For example, the 
transport and collection of water under pavements and airport runways due to thermal 
gradients is a possibility that must always be evaluated when materials and construction 
methods are selected. The nature and significance of the interfacial energy and the 



various types of interfaces present in soils are discussed in the paper by Gray. Another 
point considered is the current status of the practice of utilizing electro-osmosis to de-
water frozen and unfrozen soils. The paper by Globus and Mogilevsky contributes a 
coherent concept of the processes involved in the thermal transfer of liquid in porous 
materials. They propose that the net pressure difference developed in a liquid-satu-
rated porous substance subjected to a temperature gradient is brought about by three 
flow components: a thermo-osmotic component in the direction of higher temperature, 
a thermo-self -diffusion component in the direction of lower temperature, and a Poise-
uille flow component opposing the resultant of the other two. This explains how one 
may observe a pressure rise at the warm end of a flow column in the early stages of a 
thermo-osmosis experiment with a reversal at some later time. This phenomenon and 
the concept advanced by Globus and Mogilevsky to explain it deserve further explora-
tion, inasmuch as the point arises in both papers. 

In contrast to most situations in unfrozen soils, the effect of temperature on the 
properties and behavior of frozen ground is of undisputed importance. The unfrozen 
water contents of frozen soils change markedly with temperature. Important soil prop-
erties also depend critically on thermal regime: shear strength, bearing capacity, 
rheological response, and electrical properties. The paper by Hoekstra reviews recent 
work bearing on these points and re-emphasizes the need, expressed by many at the 
International Symposium on Permafrost at Purdue University in 1963 (1), for a better 
understanding of frozen soils. As the artificial freezing of ground becomes a more 
widespread engineering practice (e.g., earth stabilization, to ald in excavations, and 
for cryogenic storage) the need for methods of generalizing experimental data per-
taining to mechanical properties of frozen and thawing soils and the establishment of 
standard strength and deformation parameters becomes evident. The specific surface 
area of soils appears in the context of this paper as a soil parameter of fundamental 
importance. Globus and Mogilevsky also direct attention to its fundamental significance 
in thermo- and electro-osmosis. It is a soil property that has been too frequently ne-
glected, or overlooked, in soil characterizations by engineers who have not yet become 
aware of the useful information that can be deduced from it. 

The paper by Aylmore, Quirk, and Sills is devoted to the subtle effects of partial or 
complete dehydration on the subsequent swelling of illite and kaolinite. They suggest 
the possibility that when kaolinite is physically mixed with lute, individual particles 
may be cross-linked through hydrogen bonding. This is a point of some interest in 
view of recent work indicating that hydrogen bonding in water immediately proximate to 
clay surfaces is less than for water in bulk (2, 3). In certain situations, it is suggested 
by Goetz and Mueller that the consequence of the sinusoidal, daily temperature cycle is 
to aid in establishing the boundary between the A and B soil horizons. They conclude 
that the daily temperature wave sometimes plays a distinct role in soil genesis. One is 
reminded in this instance of the process of particle sorting brought about by frost action. 
Perhaps a relationship with paleoclimate resides in the observations reported. A new 
equation for heat conduction in granular materials is proposed in the paper by McGaw. 
An outstanding feature in his development is his recognition of the thermal resistance 
of interfaces separating the mineral grains from surrounding substances. The paper 
provides a brief but comprehensive overview and comparison of the leading formula-
tions of thermal conduction in soils. It is pointed out that several formulations in cur-
rent use are adequate in representing much of the available data. Justification for seek-
ing other formulations lies primarily in the hope that the effect of wider ranges in value 
of the essential variables may be more accurately predicted. 

From an engineering point of view, temperature effects on soil properties generally 
have been of practical significance only insofar as radically different soil properties 
could be achieved by the artificial heating or cooling of earth materials. Higher soil 
strength and resistance to the deleterious effects of water have been achieved by baking 
or sintering earth materials, for example. The same result is achieved in another way 
by artificial freezing. Processes of this kind involve large quantities of energy and 
yield large returns in desired effect; they are, therefore, important. On the other 
hand, the effect of temperature on soil water -holding capacity, on the state of soil water, 
in inducing water transfer, etc., has been and currently still is of marginal significance 



from the practical point of view. This is largely because troublesome soils generally 
can be avoided or excavated and discarded. This being the case, one can sympathize 
with a reader who is unfamiliar with the disciplines involved as he strives to follow 
closely reasoned arguments encumbered by cryptic notations and strange definitions, 
only to find at the end of the paper that the results are inconclusive or inconsequential. 
However regrettable, to some extent this appears to be the case here. It is easily 
foreseen, however, that the situation may soon be radically different. Forced utiliza-
tion of soil materials of marginal suitability, when it comes, will require that effects 
such as described in the papers of this part of the Symposium be predictable and man-
ageable. The investigators are wrestling to obtain an understanding of topics recom-
mended in the past as being vital to an improved mastery of earth materials. To this 
end, one can only recommend patience to those who suffer and unremitting effort to 
those who have succeeded in penetrating the difficult scientific problems. 

REFERENCES 
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Temperature Effects on the Engineering 
Properties and Behavior of Soils 
JAMES K. MITCHELL, Institute of Transportation and Traffic Engineering, 

University of California, Berkeley 

THE 14 papers covered in this general report treat a number of aspects of tempera-
ture and heat effects on the engineering properties of soils. Collectively they provide 
concepts and data that make possible a greatly improved understanding of the impor-
tance of thermal influences in soil mechanics and thermal treatment of soils for prop-
erty improvement. In this report the most significant aspects of each of the contributed 
papers are summarized and appraised, relevant supplementary data and analyses are 
introduced as appropriate for illustration of points under discussion, and questions are 
raised concerning areas needing further study. 

The topics discussed in the various papers may be listed as follows: 

Topic 

1. Temperature Effects on Engineering Properties 

Volume change phenomena, pore pres-
sure effects, compressibility 
Strength 
Elasticity 
Creep and stress relaxation 
Swelling—salt heave 

2. Thermal Stabilization 

Effects of preliminary heat treatment 

Fusion of soils 
Ice barriers 

3. Temperature Effects in Pavement Subgrades 

Field observations 
Analysis methods  

Author (s) 

Plum and Esrig 

Noble and Demirel, Sherif and Burrous, Laguros 
Murayama 
Noble and Demirel, Murayama 
B laser and Scherer 

Barata, Chandrasekharan et al, Wöhlbier and 
Henning 
Post and Paduana 
Takashi 

Richards, Fang 
Paaswell 

TEMPEHATURE EFFECTS ON SOIL PROPERTIES 

Volume Change Phenomena, Pore Pressure Effects 

Volume and pore water pressure variations that develop in saturated soils due to. 
temperature changes can be expressed in terms of the thermal expansion of the soil 
components, compressibility of the soil, and physicochemical effects, as shown re-
cently by Campanella and Mitchell (6). They showed that under fully drained conditions 
and constant confining pressure a volume of water, AVDR, will drain from a saturated 
soil as a result of a temperature increase, AT, as given by. 

(AVDR)AT = awVwAT + cesVS&T - OsVmAT - (AVst)AT 	 (1) 

9 



10 

where 

as  = thermal coefficient of cubical expansion of mineral solids; 
aw = thermal coefficient of expansion of soil water; 

= volume of pore water; 
V5  = volume of mineral solids; 

Vm = total volume of soil specimen; and 
AVst = change in volume of soil structure due to temperature -induced changes in 

interparticle forces. 

Under undrained conditions and constant confining pressure, a change in temperature 
leads to a change in pore water pressure, Au, given by 

Au = nAT(a - aw) + astAT 	
(2) mv  + nmw 

where 

n = porosity; 
aest = physicochemical temperature coefficient of soil structure volume change; 
my = compressibility of soil structure; and 
mw = compressibility of water. 

The results of drained triaxial tests showed that significant permanent volume de-
creases may occur during initial temperature increases (astis negative). This is il-
lustrated by test results for remolded illite shown in Figure 1. It may be seen that a 
significant irrecoverable volume of water was drained from the sample during the first 
heating cycle. The data suggest also that a temperature increase under drained condi-
tions at constant effective stress followed by cooling may have exactly the same effect 
as overconsolidation using a pressure increase followed by unloading. 

Additional data presented by Campanella and Mitchell (6) showed that pore pressure 
changes accompanying temperature changes under undrained conditions can be pre-
dicted reasonably well using the concepts leading to Eq. 2. The most important factors 
controlling pore pressure changes appear to be the thermal expansion of the pore water, 
the compressibility of the soil structure, and the initial effective stress. The results 
of tests on several clays showed that for each 1-deg F change in temperature the pore 
water pressure changes by about 0.75 to 1.0 percent of the initial effective stress. For 
less compressible materials the pore water pressure change is considerably greater. 
Changes of this magnitude indicate clearly the need for temperature control in the lab-
oratory if unambiguous results are to be obtained, and provide also some indication of 
possible differences in properties between soils in situ and in the laboratory where 
temperatures may be different. 

In their paper, Plum and Esrig (25) present test results and interpretations to (a) 
provide further insight into the effects of heating a saturated soil on compressibility, 
(b) determine how stress history affects observed volume changes associated with tem-
perature change, and (c) gain insight into the phenomenon of pore pressure development 
due to temperature change. 

In studying the effect of temperature on consolidation characteristics, Plum and 
Esrig found that the compression index of two clays varied both with temperature and 
pressure. Figure 2 shows the void ratio vs logarithm of pressure relationship for illite 
at two temperatures. Each specimen was initially consolidated under a pressure of 1. 7 
psi at a temperature of 24 C. It may be seen that below a consolidation pressure of 
about 30 psi the sample tested at 50 C was more compressible than the sample tested 
at 24 C. At pressures greater than 30 psi little difference in compressibility isapparent. 

The results of triaxial consolidation tests on illite at different temperatures have been 
presented by Campanella and Mitchell (6), as shown in Figure 3. Unfortunately data 
points were not obtained in these tests for stresses less than 2 kg per sq cm. Figure 3 
shows equal compression indices for three temperatures at pressures greater than 2 kg 
per sq cm. Since consolidation was started from the same initial water content for all 
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tnree specimens, tne specimens KL Lne 
higher temperatures must have been 
more compressible at lower pressures 
to account for the void ratio differences 
at a pressure of 2.0 kg per sq cm. 
Thus the results in Figure 3 are in ac-
cordance with those of Plum and Esrig, 
rather than contrasting as they suggest 
in their paper. 

The effect of heating followed by 
cooling and its similarity to the effects 
of overconsolidation may be seen in 

/5 	20 	3.0 	'.0 	5.0 6f 	80 
Conso/idolion St,ess -a- kg/cm2 	

/00 	Figure 4. Plum and Esrig point out 
that laboratory testing of natural soils 

Figure 3. Effect of temperature on isotropic 	that have been heated and recooled 
consolidation behavior of saturated illite. 	 during handling could lead to an incor- 

rect evaluation of the maximum past 
pressure in the field. 

The amount of temperature -induced consolidation is related to soil compressibility—
the higher the compressibility the greater the consolidation for a given temperature in-
crease. Plum and Esrig show that a given increment in temperature at constant effec-
tive stress has an effect equivalent to some increment of pressure at constant tempera-
ture. This may be seen from Figure 5, which shows the volumetric strain of lute as a 
function of overconsolidation ratio for a temperature increase from 24 to 50 C. For 
specimens with an overconsolidation ratio greater than about 1.7, this temperature in-
crease caused no consolidation; i.e., the preconsolidation had reduced the compressi-
bility of the soil structure sufficiently so that even after the weakening caused by the 
temperature increase it could still carry the applied effective stress without apprecia-
ble further consolidation. 

Plum and Esrig present the results of one test conducted at quite high consolidation 
pressure (loading from 180 to 209 psi) and conclude that the secondary compression is 
only slightly affected by temperature increases. Other investigators (6, 14, 28), how-
ever, have concluded that secondary compression rates are increased significantly by 
temperature increases. Further consideration of this question therefore appears in 
order. 

Temperature Sensitivity of Double Layer Repulsive Forces 

Both Plum and Esrig (25) and Laguros (12) in their papers have attempted explana-
tions of observed behavior using arguments based on changes in interparticle repulsive 
forces caused by temperature changes. Plum and Esrig postulate that the volume de-
crease associated with heating a soil results because the double layers expand, thereby 
increasing repulsive forces and decreasing the effective stress and strength at inter-
particle contacts. Contradictory statements can be found in the literature concerning 
the effects of heating on double layer thickness and interparticle repulsive forces. 

According to the Gouy-Chapman theory the approximate double layer thickness is 
given by 

(3) - = approximate double layer thickness = 
f c kT 

X 	 "NJ 87yne 

where 

= dielectric constant; 
k = Boltzmann's constant; 
T = absolute temperature; 
n = electrolyte concentration; 
e = electronic charge; and 
v = cation valence. 
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50 C. 

It may be seen from Eq. 3 that, for all other parameters constant, an increase in 
temperature should cause an expansion of the double layer. In reality, however, it is 
apparently impossible to vary temperature without causing a variation in the dielectric 
constant. If values of dielectric constant for the soil water are assumed equal to those 
for pure free water, then the decrease in dielectric constant with increasing tempera-
ture is sufficient to cause the quantity 1/x to decrease with increasing temperature. 
Thus one might conclude that an increase in temperature should cause a depression of 
the double layer. 

These considerations, however, neglect the fact that Eq. 3 is only an approximation 
of the double layer thickness. Thus direct extensions using this equation to predictions 
of interparticle repulsive forces may be misleading. A more refined analysis is pos-
sible using the swelling pressure equations developed by Bolt (4, 5). The concentration 
of cations at the mid-plane between interacting parallel particles is given by 

v 
 ./ 	(xo  + d) = 2 	

d 	
(4) 

/E[ (C o/Cc)2sin2  

where 

v = valence of cation; 
81TF2  

6 - 1000 ERT' 
F = Faraday constant; 
R = gas constant; 
d = half-distance between plates; 

x0  = constant related to surface density of charge on the clay (it is generally less 
than 4 A); 

co  = concentration of bulk liquid pressed out from the clay; 
Cc = cation concentration at the mid-plane between particles; 

= variable related to central concentration, the value of which is not needed for 
evaluation of the complete elliptic integral. 

The swelling pressure (repulsive pressure between plates) is given by the difference 
between the osmotic pressures in the central plane and in the bulk solution according to 

P5  = RT Co  (C/C0 + Co/Cc - 2) 	 (5) 
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Figure 7. Effect of temperature on double layer 
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The relationship between repulsive pressure and plate spacing has been evaluated 
for different temperatures,_assuming all other quantities constant, and is shown in the 
form of (P5/c0) vs (d"tICoR) in Figure 6. For this analysis the quantity (x0  + d) in 
Eq. 4 has been replaced by d since d' d at all but very small particle spacings. 
Figure 6 shows that an increase in temperature from 0 to 50 C causes a definite in-
crease in repulsions for all spacings. This increase is of the order of 30 to 40 per-
cent for the 50 C increase in temperature. 

If, however, the dielectric constant is assumed to vary with temperature, then the 
result shown in Figure 7 is obtained, using E values for pure water. It may be seen 
that under these conditions the repulsive pressures are unchanged over the tempera-
ture range from 0 to 100 C. 

Unfortunately the dielectric constant of soil water and its variation with temperature 
are not known with any certainty. The presence of cations in solution and the electric 
field in the vicinity of particle surfaces may be expected to have an influence on the 
dielectric constant. Harris and O'Konski (11) present low-frequency dielectric con-
stant data showing that as ionic concentration increases the value of E decreases. For 
example, values at 20 C for NaCl solution are 

Concentration 	e 

0 80 
2M 59.5 
4M 46.0 
5M 42.0 

Within the double layer the concentration decreases from a very high value at the 
particle surface to that of the bulk solution (usually less than 1M) at large distances. 
Thus a varying e with distance might be expected. 

Van Olphen (31) suggests that the value of E in the stern layer adjacent to particle 
surfaces may be in the range of 3-6. Low (15) cites data suggesting values of the same 
order in thin films on clay surfaces. Thus it would appear that the appropriate value 
of E for use in double layer computations should be less than that for pure water. 

This uncertainty in values of € makes computations of the type leading to Figures 6 
and 7 questionable on a quantitative basis. Regardless of the actual valuds, however, 



an increase in temperature can be ex-
pected to decrease the dielectric constant 
because of the greater difficulty of order-
ing water molecules at higher tempera-
tures. Thus the qualitative picture pre-
sented by Figure 7 is considered more 
realistic than that in Figure 6, and it is 
concluded that temperature variations 
should have little effect on interparticle 
double layer repulsions. 

In view of these considerations it does 
not appear that increased double layer 
repulsive forces can account for the major 
part of the compression (through reduction 
of interparticle effective stresses) that 
occurs due to heating. It is more likely 
that the interparticle contact structure it-
self is weakened because of the increased 
thermal energy of the constitutent atoms. 
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Strength 	 Figure 8. Effect of temperature on the undrained 
strength of kaolinite. 

Sherif and Burrous (29) present a useful 
summary of previous work on the influence 
of temperature changes on the shearing 
strength of soils. While most published data indicate that an increase in temperature 
causes a strength reduction, not all results are in complete agreement. The data do 
suggest, however, that for all other factors constant (e.g., structure and water con-
tent), lower strengths are associated with higher temperatures. Test results presented 
by Sherif and Burrous are in accord with this. 

Specimens of kaolinite were prepared by triaxial consolidation to effective stresses 
in the range of 20 to 98 psi. Consolidation was done at 75 C. The consolidated speci-
mens were then tested in unconfined compression (stress-controlled) at temperatures 
of 75, 100, 125, and 150 F. Figure 8 shows the results of these tests in the form of 
the logarithm of compressive strength vs moisture content. It may be seen that the re-
lationship is linear and unique for each temperature. 

From the form of the results Sherif and Burrous concluded that a given increase in 
temperature has an effect on compressive strength analogous to a given increase in 
water content, independent of the value of the initial water content. From Figure 8 it 
may be seen that the strength, a0,' at 75 F (consolidation temperature) is given by 

CFO  = exp (A - Bw) 	 (6) 

where w is the water content and A, B are material constants. 
The strength at any other temperature is given by 

aT = exp (A - Bw - CAT) = a0  exp (-CAT) 	 (7) 

where 

T = T - To  (T0  = 75 F) and 
C = parameter characteristic of the strength change caused by temperature change. 

Sherif and Burrous conclude that the quantity CAT/B might be regarded as an equivalent 
moisture content increase, w'. They also tested the following equation and found that 
it fit the data well: 	 - 

To  
aT 	= 	exp [A - B(? Yw)wl 	 (8) 

j 
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Figure 9. Effect of consolidation and test temperature on strength of alluvial clay. 

where Ywo  and  Yw  are the densities of water at To  and T, respectively. Unfortunately 
they do not indicate the physical basis for this equation. 

Laguros (12) indicates a progressive increase in strength as temperature is in-
creased from 35 to 105 F for three soils. For a fourth soil, maximum strength was 
observed at 70 F. Although this would appear at first glance to contradict the results 
of Sherif and Burrous, it should be noted that in the Laguros tests specimens were 
compacted at the test temperature. Consequently, those compacted at the higher tem-
peratures had significantly higher densities (and possibly different structures) than 
those prepared at low temperatures. As a result the strength values reflect the added 
variable of density. Laguros' results for liquid limit show a consistent decrease with 
increase in temperature, which would be expected, since the liquid limit is also a 

measure of strength, and at the high water 
contents associated with the liquid limit 
the initial structure and density are of lit- 
tle consequence. 

Noble and Demirel (23) present the re- 
I 

	

	 sults of a large number of direct shear tests 
on a highly plastic clay that show the ef- 

E 	 fects of both temperature of consolidation 
and temperature at test. Figure 9 sum- 

> 	 marizes the results of these tests. All 
specimens were tested at temperatures 
equal or less than the consolidation tem-
perature. The results show clearly that 
the higher the consolidation temperature 

	

Oj 	the greater the shear strength at any given 
test temperature, thus supporting the inter-
pretation given for Laguros' results. For a 
given consolidation temperature, however, 
the strength decreases in a regular manner 
with increasing test temperature. 

Elasticity 

The elasticity properties of most engi-
neering materials are temperature -depen-
dent. There is no reason to believe that 

Figure 10. Mechanical model of clay skeleton 
proposed by Muroyama. 
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the elasticity characteristics of soils should not be temperature -dependent also, al-
though prior to the contribution by Murayama (19) specific data have not been readily 
available. To investigate the temperature-dependence of the elasticity of clays, Mura-
yama has used the rheological model shown in Figure 10, which was proposed for the 
description of the viscoelastic behavior of soil in his earlier work (20, 21, 22). 

In this model the dashpot coefficient, 77, is derived using the theory of rate processes 
and is given by 

77 = 
	

a2 	 (9) 
2Aa20  sinh (Bcr2/o o) 

where 

02 = stress on dashpot; 
a20  = initial stress on dashpot; and 

A, B = constants dependent on soil structure and temperature. 

The two springs in the model are assumed linear with constants E1  and E2. 

The purpose of the present study was to determine the effect of temperature on these 
two constants. Murayama proposes that the elasticity of a clay skeleton may be due 
partly to flexure of clay particles, but is caused mainly by physicochemical interpar-
tide forces, and these forces should be temperature-sensitive. The stress relaxation 
test was used as a means for evaluating E1  and E2  at different temperatures. All tests 
were run on undisturbed specimens of the highly plastic Osaka alluvial clay tested in 
unconfined compression. The maximum past pressure on the undisturbed specimens 
was 3.8 kg per sq cm. 

Solution of the rheological model shown in Figure 10 for the case of stress relaxa-
tion leads to 

E1E2  (' 	cr2\ 	' 	\ E1  
a = 	 + 	

- 	
- E1) 	

log[AB(E1  + E2)t1} 	(10) 

which holds for 

E IE2 ______ 	2E1\ + 

	)] 
[(0(1+ ---) 
	- (_  

For very long time, 

- E1E2  
at 	- E1+E2 

(E0 + L 
E2) 

(11) 

These relationships are valid only for the range of stress where the stress vs strain 
relationship is linear. The rate of stress relaxation is given by 

da 	- at -  aL 	 (12) 
- d log t  

Although the various equations presented by Murayama can be used to compute the 
model parameters from the results of stress relaxation tests at different temperatures, 
they cannot be used directly for the prediction of the effects of temperature on stress 
relaxation. Whereas the parameters A and B in Eqs. 10 and 12 are known functions of 
temperature, the initial stress, a0, for a given initial strain, Eo, and the final stress, 

are also functions of temperature, and these latter functions are unknown. The 
model is assumed by Murayama to be valid for stress relaxation, since the test results 
follow a form predicted by the derived equations. 

On this basis the effect of temperature on the elastic moduli E1  and E2  may be ex-
amined. The test results showed that for initial strains (EO) of up to about 1. 0 percent, 
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constants in Murayama's model. 	 Murayama model as a function of temperature. 

the values of E1 and E2 were constant with variations in initial strain, but they decreased 
with further increase in initial strain, as shown in Figure 11. The results show also 
that as temperature increases the elastic moduli, E1 and E2, decrease. This tempera-
ture-sensitivity is shown more clearly in Figure 12, where values of E1 and E2 for E0 < 

1.0 percent are plotted vs temperature. Whether or not these values represent true 
elastic moduli, of course, depends on the validity of the rheologic model used for their 
evaluation. 

Figure 13 shows the relationship between initial stress and initial strain in the stress 
relaxation tests at different temperatures. If the slopes of the straight-line portions of 
these curves are taken to represent the elastic modulus of the material, then it may be 
seen that an increase in temperature causes a significant decrease in modulus. In this 
case the conclusion does not depend on the validity of a rheologic model for its validity. 

Creep and Stress Relaxation 

A number of investigators have treated creep and stress relaxation phenomena in 
soils using the theory of rate processes (10) in recent years, including Murayama and 
Shibata (20), Mitchell (16), Christensen and Wu (8), and Andersland and Akili (1). Mit-
chell, Campenella and Singh (17) have provided data that substantiate the assumption 
that soil deformation can be considered as a thermally activated process. Noble and 

Demirel (23) have used a similar approach 
in the study of temperature effects on the 
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- 0 	05 	.0 1.5 	2.0 2.5 	 01 bonding differs somewhat from that pro- 

posed by Mitchell, Campanella, and Singh 
Figure 13. Effect of temperature on the stiffness 	(17), who concluded that interparticle con- 

of Osaka clay. 	 tacts must be effectively solid -to -solid, 
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and subsequent considerations by Mitchell, Singh, and Campanella (18) that suggest 
that individual atoms in the contact structure are the activating flow units and that a 
contact may contain many interparticle bonds. In both cases, however, temperature 
would be expected to have an effect on the ease with which bonds can be broken. 

The basic equation for deformation rate 8 developed by Noble and Demirel is 

= A exp (_4H 
kT ) 

	

exp($T) 	 (13) 

where 

A = frequency factor, dependent on entropy of activation, but assumed independent 
of temperature, T; 

AH = activation enthalpy; 
k = Boltzmann's constant; 
T = applied shear stress; and 

8 == coefficient to convert r into an energy term. 

The parameter $' is interpreted as the average volume of material containing one bond. 
For given values of T, 6, and A, the shear resistance is 

= 
	In 6 _lnA) 	 (14) 

Noble and Demirel assume that the same form of relationship can be used to express 
the peak failure stress, Tm, and that the consolidation stress, Pc, the normal stress 
during shear, ens,  and the water content, w, can be accounted for by using the follow-
ing equation: 

1 IAH 
Tm = 	(-+ln6 _lflM')+PPc +I.LPns _YW 	 (15) 

where p, u, and y are linear coefficients. 
Finally, they noted that the temperature of consolidation, Tc,  should be important 

(see Fig. 6) as well as the temperature of shear, Ts, thus leading to the following two 
equations: 

For strength: 

Tm = I 
I AR 

+ In + aTc - in M) + Pc + Apns  - 	 (16) 

For deformation rate: 

in 	= in M - AH  + 'Fc + iT - 8Pc - UPns + $YW 	 (17) 
RTS  

Both constant rate of strain direct shear tests and constant stress creep tests, using 
stresses only slightly less than the peak strength, were run on the two soil types noted 
above at several different temperatures. From the results of these tests the linear co-
efficients in Eqs. 16 and 17 were determined by regression analysis and compared. 
The values of some of the coefficients deduced in this way show considerable variation 
(up to more than 100 percent) with variation in normal stress. Similar variations are 
observed when the values deduced from the creep tests are compared with those de-
duced from the shear tests. Nonetheless, the authors consider the values sufficiently 
close to tend to confirm the hypothesis of a single deformation mechanism that is inde-
pendent of test procedure, and that Eqs. 16 and 17 are suitable for its description; 



20 

NMI,  01 
0-0001 

E ON 1 
Eft"IMUN.-I 

075% 

25 

20 

/5 

1.0 

05 

to 20 30 40 
Tempe,atoe-C 

Atc, Murcyoma 0968) 

OL 
0 

Temperalo,-e- C 

Figure 14. Influence of temperature on the initial and final stresses in stress relaxation tests on Osaka 
clay. 

The coefficient ' was lowest at the highest normal stresses, which is consistent 
with the idea of increased numbers of bonds under higher stresses and a decreased 
volume of influence per bond. For the clay, the value of ' was determined as equiv-
alent to a volume of 0. 6711 x 10 18  cm3, which is considered by the authors to be of 
the same order of size as a clay particle. This seems abnormally low, since a clay 
plate of dimensions 1p x 1p x 0.1u would have a volume of 1.0 x 10 13 

cm3. Both this 
fact and the observation that the equivalent volume for the silt was even smaller sup-
port the hypothesis of Mitchell, Singh, and Campanella (18) that there may be many 
bonds per particle contact. 

Values of activation energy were found to range from 5 to 8 kcal/mole for the silt 
and from 12 to 21 kcal/mole for the clay. For both soils the higher values were ob-
tained from the direct shear test results. These values are somewhat lower than those 
summarized by Mitchell, Singh, and Campanella (18) for a variety of soils. 

The results of the stress relaxation tests presented by Murayama (19) show that for 
a given increment of strain both the initial stress and the fully relaxed stress decrease 
with increasing temperature, as may be seen from Figure 14. His results show also 
that the rate of stress relaxation, -(do/d log t), decreases with increasing tempera-
ture. While this may at first appear surprising, it should be noted that the relaxation 
process is not necessarily slower at the higher temperatures, because the difference 
in initial and fully relaxed stresses was greater at the lower temperatures. Since the 
ratio, EI/EI, was found to be constant and independent of temperature and the coef-
ficient B decreased only slightly with increasing temperature, the observed behavior 
of -(dc/d log t) is consistent with the predictions of Eq. 12. 

Swelling 

Mechanisms of clay swelling have been studied extensively in the past because of the 
many practical problems associated with construction on or with expansive soils. At-
tention has been focused on such causes as osmotic pressures, capillary stresses, 
straightening of bent particles, and ionic and particle surface hydration. Blaser and 
Scherer (3) provide convincing evidence that significant volume changes may also be 
associated with what they term "salt heave." Their study grew out of experiences with 
soils in the southern Nevada area that contain substantial amounts of sodium sulfate. 

Blaser and Scherer have demonstrated that damage to light structures and floors 
was caused as a result of the influence of temperature on the hydration state of sodium 
sulfate. During warm weather there is an upward migration of water, evaporation, and 
deposition of salts. Thus the sulfate concentration may be high in the upper few feet. 
At temperatures above 90 F a large amount of Na2SO4  is soluble in water (as much as 
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52 gm per 100 gm water). Temperatures below about 55 F cause crystallization of 
sodium sulfate, and the crystals that form can bind up to 10 H20 molecules per mole-
cule of Na2SO4. These crystallization and crystal hydration processes can cause an 
expansion against the soil structure and consequent heave of the ground surface. 

The authors have found that soils with more than 15 percent of the particles finer 
than 0.005 mm and containing more than 0.2 percent Na2SO4  in solution are subject to 
salt heave, provided there is sufficient free moisture in the soil and ambient daily tem-
perature variations range from 90 F in the daytime to below 40 F at night. These con-
ditions are met mainly in the late fall and early spring in the Nevada area. 

Methods for testing soils for determination of salt heave potential and for treating 
salt heave -susceptible soils are described by Blaser and Scherer in their very impor-
tant contribution. 

THERMAL STABILIZATION 

Effects of Preliminary Heat Treatment 

Three papers are concerned with the effects of heat treatment on the engineering 
properties of soils. Wöhlbier and Henning (32) investigated the effects of heat treat-
ment up to 600 C on the strength and compression properties of kaolinite. Chandrase-
kharan et al (7) report on the effects of heat treatment on the pulverization and stabili-
zation of two tropical soils. Barata (2) illustrates the beneficial effects of preliminary 
drying on the CBR of a residual weathered gneiss soil after rewetting. 

Wöhlbier and Henning prepared specimens of kaolinite at an initial water content 
slightly less than the liquid limit by vacuum extrusion. After careful drying for 28 
days the specimens were heated for a period of 48 hours to temperatures up to 600 C, 
using a heating rate of 60 C per hour. Although heating to 400 C had no effect on the 
kaolinite, heating to 500 C caused breakdown of the clay mineral structure. After heat-
ing to this temperature the clay was no longer plastic. 

Some specimens were tested at the end of the heat treatment period, whereas the 
remainder were resaturated prior to test using a back-pressure technique. Consoli-
dated-undrained tria.xial tests were used with confining pressures up to 25 kg per sq 
cm. The effect of heat treatment on the strength of specimens prior to rewetting is 
shown in Figure 15, and after resaturation in Figure 16. It is clear from Figure 15 
that the strength of the dried specimens was essentially unaffected by temperature of 
heat treatment in the range of 200 to 400 C. Unfortunately the authors do not present 
results for dried but unheated specimens for comparison purposes. It may be seen 
that heating above 400 C leads to a substantial increase in strength. 

The results for the resaturated samples, Figure 16, are of the same form, although 
the curves for 300 and 400 C show a small but significant increase in strength with in-
crease in treatment temperature. The increase in strength resulting from pretreatment 
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at 500 and 600 C is by comparison quite large. It is of interest to note that in all cases 
the failure envelopes are curved in form. Heat treatment was also observed to cause a 
significant increase in the stiffness of the clay, and this stiffness increase is important 
even for treatment temperatures less than 400 C where the strength is not significantly 
increased. 

The beneficial effects on properties of heat treatment at temperatures sufficiently 
high to cause a change in the clay mineral structure are well demonstrated by the re-
sults of this study. Methods for the application of heat treatment, at the high tempera-
tures required, to large masses of soil in the field have been developed and are de-
scribed by Litvinov (13). The economics of such treatment may be unfavorable, how-
ever. 

Chandrasekharan et al (7) note that insufficient pulverization and inadequate mixing 
often limit the effectiveness of additive stabilization in highly plastic clays. In their 
investigation the influences of heat treatment on the pulverization characteristics of a 
lateritic soil and a black cotton soil were investigated, and the effect of heat treatment 
and aggregate size on the effectiveness of cement stabilization of black cotton soil was 
studied. A range of pretreatment temperatures of 100 to 400 C was used. Among their 
principal findings were the following: 

Sodium chloride addition in an amount of about 3 percent serves as an aid to 
pulverization. 

Heat treatment at 250 C for two hours was found to be the optimum to facilitate 
easy pulverization. 

The plasticity of black cotton soil was reduced by treatment at temperatures 
above 300 C. 

Soil-cement specimens made of the heat-treated soil were stronger or weaker 
than the untreated soil depending on whether the coarser or finer aggregate sizes were 
used. 

Barata (2) points out that because of the high daytime temperatures in Brazil there 
may be significant evaporation from compacted subgrades before paving is completed. 
Specimens of a weathered gneiss soil, classified as an A-4 (1) in the HRB system, 
were compacted using the modified AASHO procedure. The samples were then dried 
for 3 hours at 40 C (104 F) prior to the 4-day soaking period. The CBR was then mea-
sured and compared with the value for an identical sample not subjected to drying prior 
to soaking. 

The results of these tests showed that the preliminary drying after compaction re-
sulted in an increase in the CBR of about 6 percent for samples compacted dry of opti-
mum and by about 15 percent for samples compacted wet of optimum. An explanation 
is given in the paper for the observed behavior in terms of the density increases that 
occur during drying followed by the volume increases during soaking, and the relation-
ships between these values and contours of equal CBR on the density vs moisture con-
tent diagram. 

It would appear that the results obtained from this relatively small study are signif-
icant and that further investigations should be undertaken to ascertain the full range of 
property changes that might be obtained using this method in practice. 

Fusion of Soils 

Post and Paduana (26) have discussed the melting of soils and its possible applica-
tion to soil stabilization. They show how the approximate melt range of a soil may be 
determined using a phase equilibria approach. Most soils exhibit incongruent melt 
ranges rather than a single melt point. Because there are always minor constituents 
and trace elements in soils, the actual melt ranges will nearly always be about 100 C 
lower than those deduced from phase diagrams. 

Melt range data are presented for several soils and are found to have values between 
about 1250 and 1750 C, with fat clays near the high end and feldspar-rich clays at the 
low end of the scale. Soils with a high alumina or lime content may have higher melt 
ranges. Experimental results are presented to show that melt ranges may be lowered 
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Cranitic Soil Constituents (% 

Potassium feldspars 	38 
Plagioclase feldspars 	28 
Quartz 	 23 
Hornblende 	 7 - 	Biotite 	 3 
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Figure 17. Effect of Na2CO3  additive on the melt temperature of a granitic soil. 

significantly through the addition of a fluxing agent. Figure 17 shows the relationship 
between melt temperature and amount of sodium carbonate added to a granitic soil. It 
may be seen that the fusion temperature is reduced up to 350 C through the addition of 
Na2CO3. The data show also that the actual values of fusion temperature are lower 
than predicted values as a result of soil impurities. 

Post and Paduana state that equipment is now available for producing the heat energy 
needed for stabilization of soils by fusion. Since soils melt incongruently over a tem-
perature range it is only necessary to reach the initial melt range to achieve cementa-
tion of the soil mass. The authors suggest that field tests should be conducted using 
mobile downdraft heaters and that further studies of fluxing agents be made. Past ex-
perience with heat treatment to temperatures sufficient only to cause loss of structural 
water and mineral transformations (600 c) indicates that the required quantities of 
heat are large and the technology is complex, however. It would appear desirable, 
therefore, to investigate more completely the engineering properties of fused materials, 
new methods for heat supply, and whether the economics of such treatment are favor-
able in comparison with other methods for stabilizing soils. 

Ice Barriers 

Takashi's paper (30) deals with the problem of forming an ice barrier to cut off 
groundwater flow. In the presence of flowing groundwater, completion of an ice curtain 
may be difficult, and in some cases impossible, because of the heat brought into the 
freezing zone by the flowing groundwater. 

The problem of joining two frozen soil cylinders with water flowing between is con-
sidered. Equations are developed that give approximately (a) the quantity of flow 
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between the frozen soil cylinders, (b) the pressure distribution along a line between 
the cylinders in the direction of flow, (c) the flow velocity, and (d) the head difference 
(dam-up head) that will exist across the ice barrier at the completion of freezing. An 
equation is then developed that gives the temperature of flowing groundwater after its 
passage between the frozen cylinders. 

The following equation is then derived, which gives a critical value of head drop to 
be expected across the completed barrier, 4Pcrjt'  in terms of soil properties, tem-
peratures of groundwater and coolant, and geometry of the freezing system: 

= 

	

Of - 0c 	
F(, bcrit) 	 (18) 

X APcrit 	yc G-&f 
where 

k = thermal conductivity of frozen soil; 
X = coefficient of permeability of the unfrozen soil; 
y = density of water; 
c = specific heat of groundwater; 
Of = groundwater freezing point; 

= initial temperature of groundwater; 
- 	Oc  = surface temperature of freezing pipe; 

F(, bcrit = a nearly linear function of the freezing pipe radius and spacing = 0.6 
) 	to 1.9 for (2a/L) = 0.06 to 0.26; 
a = radius of freeze pipe; and 
L = distance between freeze pipes. 

If the actual head drop that will develop across the barrier is less than Aperit,  then 
completion of the ice curtain will be possible. Takashi illustrates by example the in-
fluence of each of the quantities in Eq. 18 on APcrit  and shows that seepage flow has an 
important influence on the freezing process when the permeability is greater than about 
10 3  rn/sec. In this situation the theory presented can be used to determine whether or 
not an ice curtain can be completed using a given freezing system. The material in this 
paper should be of great value to engineers contemplating the use of ice barriers for 
temporary groundwater shut-off. 

TEMPERATURE EFFECTS IN PAVEMENT SUBGRADES 

Field Observations 

Both Fang (9) and Richards (27) present data on temperatures in and beneath highway 
pavements and consider the influence of these temperatures on the performance of the 
soil-pavement system. In this review only those parts of their papers that deal with 
temperature effects in the subgrade will be considered. 

Richards (27) describes the results of an Australia-wide study of temperature be-
neath sealed pavements. Eighteen field test sites were chosen as representative of the 
wide range of soil and climatic conditions in Australia. These sites were identical in 
all respects except soil type and climate. Thermistors were used for temperature 
measurement at a large number of points at each site. The effect of daily temperature 
variation was not studied, but it is known to be small below a depth of a few inches. 
Pavement temperatures over most of Australia range from 5 C to over 60 C. 

Individual temperature readings often showed large lateral variations (5 C± near the 
surface) at the same depth and time. Richards suggests that this variation is due more 
to variations in heat gain or loss at the surface than to differences in thermal diffusivity 
of the materials. He does not indicate why there should be such variations across a 
given surface. 

From the large amount of accumulated data, some of which are given in the paper, 
several pertinent trends have been observed. The summer temperatures and the mean 
temperatures at all depths are significantly greater under a bituminous seal than under 
natural ground surfaces. In most cases the winter temperature is slightly greater under 
a bituminous seal. 
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The maximum observed temperature gradient over distances of 10 to 15 cm was only 
about 0.3 C/cm. Richards concludes that a gradient of this magnitude should not cause 
a moisture flow in excess of about 10 7  cm/sec. Since gradients exist at any point for 
only a short time as a temperature wave moves through the soil profile, thermal mois-
ture transfer in a lateral direction is likely to be small. If it does occur, the gradients 
are such to cause moisture movement down and away from the centerline. Thus the 
thermal contribution to overall moisture flow would be to give an increase in stability. 

A point of practical importance relative to soil stabilization is brought out by Rich-
ards. The temperature of stabilized base courses may rise to 50 to 60 C during the 
curing period for summertime construction. Under these conditions the usual proce-
dure of curing laboratory specimens at 20 to 25 C may be unduly conservative. 

Probably the most significant conclusion Richards draws from this study in terms of 
the design and performance of pavements is that the major influence of temperature 
variations is on the load-spreading properties of bituminous layers and treated bases. 

Fang (9) has summarized the pavement and subgrade temperature data accumulated 
during the AASHO Road Test. A brief description of the techniques used to obtain the 
temperature data are presented. Data are presented that show the effect of temperature 
on defiections of the soil-pavement system and seasonal variations in the strength char-
acteristics of the soil-pavement system. The effect of temperature on the behavior of 
the subgrade soil cannot be isolated from many of these data because the measured 
values include either contributions from the pavement structure or from moisture con-
tent variations. 

The data indicate that frost penetration was greater under rigid pavements than flex-
ible pavements. This is attributed in part to the greater thermal conductivity of port-
land cement concrete. Temperature vs depth measurements confirm the earlier state-
ment that daily air temperature variations have little effect on subgrade soil. 

Analysis Methods 

The paper by Paaswell (24) has been included in this section of the report since the 
topic treated, while potentially important in a range of problems, is particularly per-
tinent to the study of temperature variations beneath pavement structures. The tem-
perature profile that develops in a soil as a result of transient temperature changes at 
one boundary is studied. 

A series of tests on partially saturated soils showed that uniform temperature pro-
files will be established even when the initial moisture content variations through the 
sample depth varies erratically by as much as 2 percent. In general, as the saturation 
increased the amount of moisture movement near the points of maximum temperature 
gradient decreased. This would be expected since the tests were run on sealed sam-
ples and, thercforc, as the saturation increases there is less vapor phase transport and 
less free space for water to move into. From the results of these tests Paaswell con-
cludes that the soil-water system can be treated as a homogeneous unit for the purpose 
of making preliminary temperature distribution analyses. 

The heat diffusion equation was solved for the case of a cylindrical volume of soil 
subjected to a sinusoidal temperature variation with time at the top boundary. Predicted 
temperatures as a function of time for different depths were compared with measured 
values, and the agreement was fairly good for the first pulse. Paaswell concludes with 
a discussion of the complex interrelationships between pore pressure, water flow, and 
volume change that develop during a temperature change. 

CONCLUSIONS 

This general report represents an attempt at summarizing the most significant con-
cepts and conclusions advanced by the authors of the 14 papers included in Part III of 
this volume. The papers treat a variety of topics relating to the influences of tempera-
ture and heat on the engineering behavior of soils. A few of the main points are here 
singled out that, by virtue either of their great importance or because they are contro-
versial, should be subjects of further study. 
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Evidence on the influence of temperature on secondary compression rates is 
conflicting, with some investigators indicating little effect and others indicating that 
secondary compression rates are greatly increased as temperature increases. Can 
this question be resolved on the basis of data already available, and if not what further 
work is needed? 

Volume changes and pore pressure variations that develop when saturated soils 
are subjected to a temperature change are reasonably well understood. Expressions 
are available for their estimation in terms of the thermal expansion of the water and 
soil grains, the compressibility of the soil structure and water, and some type of 
physicochemical temperature coefficient of soil structure volume change. Arguments 
have been presented to account for the volume decrease (under drained conditions) of 
a soil structure with increased temperature based on (a) changes in double layer repul-
sive forces with temperature and (b) variation in the strength of the interparticle con-
tact zone structure with strength. On the basis of the analysis presented in this paper, 
can we draw positive conclusions concerning the influence of temperature on double 
layer repulsions? What are the effects of temperature variations on other types of in-
terparticle forces? And which of the two arguments stated above is the most reason-
able to account for the behavior? 

The preponderance of available data indicates that, for other factors constant, an 
increase in temperature leads to a decrease in strength. What changes, if any, should 
be made in laboratory testing, analysis, and design procedures for field application? 

The temperature -dependence of deformation rates in conjunction with rate pro-
cess theory has been used in a number of recent studies to draw conclusions concern-
ing the mechanism of deformation and interparticle bonding characteristics in soils. 
Critical discussion of this approach is needed. 

A "salt heave" swelling mechanism that is dependent on temperature changes 
has been identified by Blaser and Scherer. Further study of this phenomenon should 
be made. Are there other temperature -related chemical phenomena, heretofore un-
recognized, that should be investigated as possible causes of volume or strength change? 

The partial drying of compacted soil prior to soaking appears to have a beneficial 
effect on strength. Are there additional data beyond that presented by Barata? Are 
there conditions where pre-drying may be detrimental? 

It is clear that heating soils to high temperatures can result in marked improve-
ments in stress -deformation properties. What is the outlook for economical thermal 
treatment methods in the future? 

A method has been developed by Takashi for determination of whether or not a 
frozen ice barrier can be successfully completed under flowing groundwater conditions. 
How well can this method be expected to work in practice? Have alternative approaches 
been developed? 

While it has been well established that temperature variations have a significant 
effect on the load distributing characteristics of a pavement structure, it would appear 
that temperature variations in the subgrade have little influence on behavior, with the 
exception of frost effects. Is this a reasonable conclusion? 
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Part II 
THERMAL CHARACTERISTICS OF SOILS, 
THERMODYNAMICS OF SOIL SYSTEMS, 

FLUID FLOWS, AND FROST ACTION 



FOREWORD TO PART II 
The general report by Duwayne M. Anderson covers the eight 
papers in this part. Two of these deal mainly with the thermo-
dynamics of soil systems touching on both the granular nature 
and the soil water. Thermo-osmosis is also covered by two 
papers, each of which raises questions about the phenomena in-
volved and presents for consideration a solution containing a 
three-component flow gradient concept. Both of the papers re-
lating to frozen soils point up the need for more data and theory 
on the mechanical properties of frozen and thawing soils. The 
importance of the specific surface area of soils as a parameter 
for engineering consideration is emphasized. Discussions of 
temperature effects on soil properties and heat conduction in 
granular materials include views on the thermal resistance of 
interfaces. 



Effects of Heating on the Swelling of Clay Minerals 
L. A. G. AYLMORE, J. P. QUIRK, and I. D. SILLS 
Department of Soil Science and Plant Nutrition, University of Western Australia 

The effects of dehydration by evacuation and heating to progressively higher 
temperatures up to 400 C on the subsequent hydration and swelling behavior 
of homoionic predominately ihite clay minerals has been studied. Water 
vapor sorption isotherms for 200-mg tablets at 25 C were determined using 
a volumetric doser technique, and swelling of the clays at low water suctions 
was measured on ceramic suction plates. 

The swelling of certain ilhitic clays is subject to a marked reduction 
(e. g., from 200 percent to 35 percent water content at 10 millibars suction) 
after preheating, indicating the formation of very strong binding forces be-
tween individual clay particles. Although water vapor sorption at low rela-
tive vapor pressures shows that part of the water loss on heating is irrevers-
ible, it seems unlikely that any deterioration of the crystal lattice has oc-
curred at the temperatures used. The cation exchange capacities of the 
clays are unaltered, and the specific surface areas are essentially the same 
after heating. 

The nature of the bonding mechanism is not yet clear, but there is evi-
dence that small amounts of kaolinite impurities present may be involved. 
It seems likely that the formation of hydrogen bonds between silicate and 
aluminate surfaces can occur on complete removal of the adsorbed water 
molecules. 

IT HAS been known for some time that heating can markedly alter the physicochemical 
behavior of clay mineral systems. Such techniques have been used to some extent in 
road research (9, 10) and also in agriculture to increase the stability of surface soils. 
Heating to temperatures in excess of 600 C generally results in at least some irrevers-
ible destruction of the crystal lattice with consequent deterioration in sorptive prop-
erties. However, there is a substantial amount of data to indicate that the hydrophiic 
properties of certain clay minerals are modified quite appreciably by desorption long 
before there is any significant lattice deterioration. 

The data of Mooney, Keenan, and Wood (14) and others for montmorillonite show 
that subsequent rehydration at low relative humidities can depend markedly on the 
severity of the predrying technique used to obtain an "oven-dry" weight. This is largely 
a result of the influence of the hydration energy of the exchangeable cations on the in-
tercalation of water. Similarly, Martin (13) and Jurinak (11) found that the sorption 
of water at low relative vapor pressures by kaolinite clays was influenced by preheat-
ing to temperatures up to 300 C and attributed these effects to interparticle adhesion. 

During detailed studies of water sorption and swelling by clay mineral systems it 
was observed that the swelling of certain clays was considerably reduced by the out-
gassing procedure used in the determination of specific surface area and pore size 
distribution by low-temperature nitrogen adsorption (3). The ability of montmorillonite 
clays to exhibit extensive crystalline swelling [d(001) > 40 Aj at low water suctions 
when sodium-saturated was found to be essentially unaltered by preheating even as high 
as 600 C. Similarly, the relatively small swelling exhibited by kaolinite clays even 
when sturated with water (2) was unaffected. In contrast, several samples of clays 
containing predominantly illite minerals showed large reductions in swelling after de-
sorption. This effect has been examined in some detail in the present paper. 

31 
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MATERIALS AND METHODS 

The clay samples used were obtained from the following natural deposits: 

*Willalooka illite—B horizon from a solonized solonetz, Hundred of Lalfer, South 
Australia. 

*Urrbrae B clay—B horizon of Urrbrae loam, a red-brown earth, Adelaide, South 
Australia. Clay fraction 60 percent illite and 40 percent kaolinite. 

Fithian illite—from Ward's Natural Science Establishment Inc., flute No. 35 of 
the American Petroleum Institute's Research Project No. 49 (1951). 

oRocky Gully kaolinite—from pallid zone of laterite, Rocky Gully, Western Australia. 

In general, samples of the clays were sodium -saturated by repeated washing with 
molar sodium chloride, during which the pH of the suspension was adjusted to 3. 0 us-
ing hydrochloric acid. The samples were washed and finally dialyzed against distilled 
water using Visking cellulose casing. Initially a simple decantation process was used 
to remove the coarse fractions. These samples are labeled R. F. to indicate the rough 
fractionation used. Subsequently the < 2i fractions were obtained by accurate sedimen-
tation. Samples saturated with other cations were prepared from these materials using 
the appropriate molar chloride solution. 

The air-dried clays were gently ground to a powder, equilibrated with 0. 75 relative 
water vapor pressure, and compressed into 200-mg cores at 1200 atmospheres pres-
sure by means of a hydraulic jack (1). This was done to facilitate subsequent experi-
mental handling and to ensure that fhe clays were in an overconsolidated condition. 

Heating of the clays was carried out by allowing a number of cores in weighing 
bottles to equilibrate for 3 days at a given temperature in a muffle furnace and cooling 
the ground glass stoppered bottles over phosphorus pentoxide powder before weighing. 

Water content-energy data at low suctions were obtained using ceramic-perspex 
pressure plate systems. The cores were wet up in small stages using vacuum desic-
cators containing saturated salt solutions to prevent disruption of the cores by rapid 
differential swelling. 

Surface areas were determined by application of the B. E. T. theory (7) to low-
temperature nitrogen adsorption isotherms determined volumetrically in the usual way. 
Water vapor sorption isotherms were determined volumetrically in equipment similar 
to that used by Jurinak (11) incorporating a modified Pearson gage (16). 

Cation exchange capacities were obtained by first saturating the clays using a neutral 
solution of molar strontium bromide and removing excess salt by washing with distilled 
water. The exchange capacities were then determined as the difference between the 
strontium and bromide contents of the dried clays determined using an X-ray fluores- 
cence spectrographic method. 

RESULTS AND DISCUSSION 

The specific surface areas and cation-exchange capacities of the clay cores are 
given inTablel. In Table 2 the decrease in weight of the Willalooka illite and Urrbrae 

TABLE 1 

SPECIFIC SURFACE AREAS AND CATION EXCHANGE CAPACITIES OF 
CLAY MATERIALS 

Specific Surface Area 	Cation Exchange Capacity 
Clay 	 (m'/g) 	 (me/100 g) 

Willalooka illite (H. F.) 150 	 39.1 

Willalooka illite (<2u) 188 	 - 
Urrbrae B clay (R. F.) 91 	 27.6 

Fithian illite (<2z) 99 	 - 
Rocky Gully kaolinite (<2w) 39.3 	 4.0 
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TABLE 2 B clay cores between successive 
WEIGHT LOSS BETWEEN SUCCESSIVE TEMPERATURES temperatures and 400 C has been 

AND 400 c FOR ILLITIC CLAYS expressed as a percentage on the 

Weight Loss basis of the weight of clay after 

Clay 	 (g/100 g clay at 400 C) drying to 400 C. 	The possible 
sources of weight loss on heating 

20C 	hOC 	200C 	300C 
are surface -adsorbed water, water 

Ca 	Willalooka illite 	16.39 	4.92 	2.47 	1.22 of hydration of the exchangeable 
Mg 	Willalooka illite 	21.07 	4.82 	2.36 	1.20 cations, hydroxonium ions in inter- 

Na 	Willalooka illite 	18.47 • 	4. 58 	2.28 	1.21 layer positions normally occupied 
by potassium ions in unweathered Willalooka illite 	17.36 	3.89 	1.87 	1.10 
miCas (6), and hydroxyl groups 

Ca 	Urrbrae B clay 	12.83 	3.71 	1.67 	0.75 from th7e clay lattice. 	Some weight 
Mg 	Urrbrae B clay 	13.07 	3.92 	1.80 	0.85 lossmayalso occur from the char- 
Na 	Urrbrae B clay 	13.47 	3.27 	1.58 	0.80 ring of any organic matter present 

Urrbrae B clay 	11.27 	3.24 	1.53 	0.73 but this is relatively small in these 
materials. 	In general, 	the water 
contents from 110 C to higher tem- 

peratures show some relationship to the hydration energies of the exchangeable cations 
and the specific surface areas of the clays but the variation between different ions is 
not as large as might be expected if the weight losses were entirely associated with 
dehydration of the exchangeable cation tsee Table 1 in Keenan, Mooney, and Wood (12)]. 

uflPted 

Water Content After Heating [CC/1oog(400d] 

Figure 1. Water contents (cc/100 g at 110 C)for Willolookci illite cores saturated with sodium (), 
potassium (0),  calcium (X), and magnesium (0) cations on rewetting at 100 mB suction vs 

initial water content (cc/100 g at 400 C) after preheoting to various temperatures. 
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isated 
Water Content After Heating Ccc/Io g 4ocfdJ 

Figure 2. Water contents (cc/100 g at 110 C)for Urrbrae B cores saturated with sodium (&, potassium 
(o), calcium (X), and magnesium (0) cations on rewetting at 100 mB suction vs initial 

water content (cc/100 g at 400 C) after preheating to various temperatures. 
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Figure 3. Water vapor adsorption isotherms at 25 C for sodium Willalooka illite degassed at 
various temperatures. 
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Figure 4. Water vapor desorption isotherms at 25 C for sodium Willalooko illite degassedat 
various temperatures. 

The water contents on wetting the cores against 100 millibars (mB) suction alter 
heating to successively higher temperatures up to 400 C, calculated on the subsequent 
oven-dry (110 C) basis, are shown in Figures 1 and 2 for Wilalooka lute and Urrbrae 
B clay cores respectively when saturated with sodium, potassium, calcium, and mag-
nesium cations. At this low suction the differences in swelling due to the exchangeable 
cation and increasing heat treatments become most apparent. For both clays the cores 
saturated with divalent magnesium and calcium cations, although unaffected by preheat-
ing to 200 C, show appreciable reductions in swelling alter preheating to higher tem-
peratures. The cores saturated with monovalent cations, and in particular those 
sodium-saturated, show a marked continuous reduction in swelling with increasing tem-
perature. The large swelling of the unheated sodium clays can be attributed to the un-
restrictricted development of diffuse ionic double layers. However, previous work 
(1) has indicated that there is an electrostatic potential barrier restricting the swelling 
61 these clays when saturated with polyvalent ions. It is apparent that the restrictions 
due to the heating process either enhance or exceed these restrictions. 

The cause of these restrictions is not immediately apparent. Grim (8), in review-
ing the dehydration properties of illites used by numerous workers, indicates that there 
is no loss of structure even with the loss of hydroxyl groups until temperatures exceed 
850 C. In addition, Brooks (5) found that the surface area of an lute clay was essen-
tially constant alter the loss of surface-adsorbed water and cation hydration water, 
until temperatures in excess of 600 C were reached. In Figures 3 and 4 are shown 
water sorption and desorption isotherms obtained on sodium-saturated Willalooka illite 
cores outgassed at various temperatures until the pressure in the volumetric system 
remained below iO mm mercury alter 30 minutes isolation from the pumps. Since 
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these isotherms were obtained on the < 2p fraction of the clay and the clays were heated 
under vacuum there is of course no direct correspondence in weight loss at a particular 
temperature between these and the previous samples. Evacuation should result in 
greater dehydration at any given temperature. 

The adsorption isotherms (Fig. 3) are of similar shape with the main vertical dis-
placement occurring between outgassing at room temperature (20 C)  and at 100 C. The 
additional water uptake obtained on the 100 C sample above the uptake after outgassing 
at 20 C is essentially equivalent to the additional loss of 2. 7 cc at STP that occurs on 
heating from 20 C to 100 C. The weight loss to this stage is thus probably due largely 
to a reversible dehydration of the surface and cations. On further outgassing at 200 C 
the subsequent water uptake is slightly less and this may be attributed to a small drop 
in specific surface area resulting from a more intimate contact of the clay crystals on 
removal of the last water molecules most strongly held between regions of closest ap-
proach. Both Martin (13) and Jurinak (11) have reported such a loss of surface area. 
Also a decrease in B. E. T. nitrogen area of some 5 to 10 percent on desorption between 
100 C and 200 C for Willalooka illite has been repeatedly observed by the authors in 
studies on the surface area of clays with presorbed water (4). 

The weight losses on outgassing at temperatures above Too C are far greater than 
those regained on subsequent water sorption. These values are given in the following 
table for convenience in comparing with Figures 3 and 4: 

Temperature 	 100 C 	200 C 	300 C 	400 C 
Water loss (equivalent cc at 

siP/g) 	 2.7 	16.3 	25.1 	47.3 

The increases in subsequent water uptake observed after outgassing at 300 C and 400 C 
required considerably longer times for equilibration; this and the increased hysteresis 
effect on desorption (Fig. 4) suggest that these weight losses could be due to the loss 
of hydroxonium or hydroxyl ions from within the clay lattice. However, it is apparent 
that at least part of this loss is regained under these conditions. 

Thus it seems unlikely that the reduction in swelling on heating can be attributed to 
deterioration of crystal structure or marked changes in the sorptive properties of the 
clay surfaces. 

Since there is a decrease in surface area evident on vigorous outgassing it is reason-
able to assume that the subsequent restrictions to swelling arise from the formation of 
bonds at the regions of contact of the individual clay crystals. A conceivable origin 
for strong electrostatic attractive forces at these points would be through the dehydrated 
cations sandwiched between the negatively charged clay crystals. However, this would 
require that the cation exchange capacity of the heated material be significantly reduced, 
and accurate measurements indicate that there is no such loss of exchangeable cations. 

Martin (13) observed a decrease in the specific surface area and water uptake of 
kaolinite clays stored under a vacuum of 10-1  mm pressure for long periods and attri-
buted this effect to twinning of the crystals in close juxtaposition. The mechanism of 
twin formation was considered to be hydrogen bonding between the oxygen surface of 
one crystal and the hydroxyl surface of its neighbor. Similarly, Jurinak (11) observed 
a degree of "coalescence" of kaolinite crystals after desorption that was related to the 
size of the exchangeable cation on the clay surface. The Urrbrae B clay used in the 
present work contains some 40 percent and the Willalooka illite about 2 percent kaolin-
ite. Hence, it seems quite possible that the formation of interparticle hydrogen bonds 
on the removal of adsorbed water molecules may prevent the re-expansion of the do-
mains of oriented clay particles despite the formation of diffuse ionic distributions on 
the surfaces. Such forces have been suggested by Aylmore and Quirk (2) as being re-
sponsible for the small swelling exhibited by kaolin clays. 
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TABLE 3 

WATER CONTENTS ON WETTING TO 10 mB SUCTION FOR 
SODIUM FITHIAN ILLITE (<2w) SAMPLES 

Treatment Water Content (g/100 g) 

Unheated 92.5 

Preheated 300 C 133.9 

Unheated plus 1 percent Rocky Gully kaolinite 92.8 

1 percent Rocky Gully kaolinite added and heated 
to300C 90.8 

This suggestion is strongly supported by the data in Table 3 for sodium-saturated 
Fithian flute that X-ray examination shows to be free of kaolinite impurity. Far from 
restricting the swelling of this clay, heating to 400 C results in an appreciable increase 
in water uptake at 10 mB suction, probably through the removal of organic binding ma-
terials. The addition of 1 percent Rocky Gully kaolinite as an impurity before heating 
seems to cancel this increase due to the removal of organic matter. However, it is 
difficult to control the intimacy of mixing of the two constituents and this would obviously 
influence the extent of bonding that occurs. 

Dimethyl sulf oxide (DMSO) has been shown to be an effective hydrogen bond breaker 
(15) and hence it should be possible to at least partially restore the swelling of these 
clays by treatment with DMSO if hydrogen bonding is in fact responsible. This possi-
bility was investigated by shaking samples of preheated sodium Willalooka illite with 
a 90 percent solution of DMSO in water for periods of two weeks and two months at 
60 C. The samples were washed with distilled water, air-dried and compressed into 
cores as before. The water contents of these DMSO-treated cores at 10 mB suction 
are compared in Table 4 with control cores of the unheated clay and heated samples 
shaken for two weeks with distilled water. 

It is apparent that the DMSO treatment is not only capable of restoring the swelling 
capacity of the Willalooka clay but actually increases the water uptake of the heated 
material beyond that of the unheated clay if carred out long enough. This may indicate 
the presence of some restrictions in the original clay but obviously a more detailed in-
vestigation of the DMSO treatment is warranted to establish the nature of this interaction. 

From the previous results it is reasonable to conclude that the presence of the ka-
olinite clay is responsible for the restriction to swelling observed on heating the Willa-
looka and Urrbrae B clay samples. It seems very likely that the formation of hydrogen 
bonds between oxygen and hydroxyl surfaces on the complete removal of adsorbed water 
is in fact the mechanism of crosslinking that occurs. Further work is at present being 
undertaken in an attempt to confirm these conclusions and to determine the extent of 
hydrogen bonding that occurs in the different systems. 

TABLE 4 

EFFECT OF DMSO TREATMENT ON WATER CONTENT OF 
SODIUM WILLALOOKA ILLITE (c2i) ON WETTING TO 

10 mB SUCTION 

Treatment Water Content (g/100 g) 

Untreated 246 

Heated 300 C, shaken with water for 2 weeks 80 

Heated 300 C, shaken with 90 percent DMSO for 
2 weeks 154 

Heated 300 C, shaken with 90 percent DMSO for 
2 months 355 
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Thermal Transfer of. Liquid in Porous Media 
A. M. GLOBUS and B. M. MOGILEVSKY 
Agrophysical Institute, Leningrad 

The time rates of thermal transfer of H20, C2H5OH, C6 H6, Cd4, and 
dibutyl phthalate (C16112204) were measured at early stages of experi-
ments with closed columns of two unsaturated porous ceramics—
crushed ceramsite and crushed firebrick. The measured fluxes were 
shown to be higher than the calculated vapor diffusion fluxes in all 
cases except dibutyl phthalate, whose thermal transfer was not 
detected. 

The differences between these values do not follow the sequence of 
thermo-capillary film fluxes which can be induced by surface tension 
gradients along the air-liquid interface. Thus thermo-capillary film 
flow does not play an essential role in thermal mass transfer under the 
conditions investigated. 

The analysis of the two other possible mechanisms of thermal liquid 
transfer —thermo-self-diffusion and thermo-osmosis in a, single capil-
lary filled with one-component polar liquid—was accomplished on the 
basis of irreversible thermodynamics and kinetic theory of liquids. 
This analysis resulted in the expression for the steady pressure dif-
ference between the ends of.a non-isothermal capillary. 

sIN MANY papers reviewed by Globus (6), the time rate of thermal water transfer 
(TWT) in unsaturated porous media was shown to be significantly higher than vapor 
diffusion flux calculated according to Fick's law, with allowance for temperature-
dependence of vapor pressure and diffusivity, tortuosity factor, and water-free po-
rosity (16). Generally speaking, this is not surprising because of the existence of 
several mechanisms actuating thermal liquid transfer. Among these mechanisms are 
thermo-capillary meniscus flow due to the difference of Laplace pressure induced by 
temperature gradient, thermo-capillary film flow (4) due to surface tension gradients 
along air-liquid interface, thermo-osmosis (3, 17), and thermo- self -diffusion (1). 
Relative parts played by these processes in TWT are not clear, although analysis has 
shown (6) that thermo-capillary meniscus flow cannot explain relationships of TWT in 
different porous media observed experimentally. 

In this paper we attempt to estimate the role of thermo-capillary film flow in TWT 
and discuss thermo-osmosis and thermo-self-diffusion. 

THERMAL MASS TRANSFER FLUXES: TOTAL MEASURED FLUX, 
CALCULATED THERMAL VAPOR DIFFUSION, AND THERMO-CAPILLARY 

FILM FLUXES 

One-dimensional thermo-capillary film flow of a liquid in porous media is described 
by (4) 

qtf  = 	2 dü - 1pW2 cidT 3S 	
- 	STdx 	

(1) 
2 	 3  

Here qtf  = time rate of thermo-capillary film flow in g/cm2/sec; 17 = viscosity in g/ 
cm/sec; h = w/S = thickness of liquid film in cm; S = specific surface in cm2/cm3; 
W = moisture content on volume basis in cm3/cm3; T = temperature in deg C; a = 
surface tension in dynes/cm; p = density of liquid in g/cm; and x = coordinate in cm. 

39 
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TABLE 1 

SOME PROPERTIES OF CERAMICS USED 

Diameter of Apparent Specific Moisture-Free 
Medium 	 Particles, Densit,, Surfaces  Porosity in Experiments 

mm g/cm cm'/cm cm'/cm' 

Crushed ceramsite (CC) 	0.5-1.0 0.60 12,400 0.71 
Crushed firebrick (CB) 	0.5-1.0 0.63 3,300 0.70 

The temperature gradient-dependent vapor diffusion in a material, where vapor 
pressure is near saturation (closed system), can be described approximately by the 
equation 

P cdT 
qtv = - aCDap_ 	- 	 (2) 

where qtv  = time rate of temperature gradient-dependent vapor diffusion in g/cm2/sec; 
a = tortuosity factor (s  0. 66) (12); C = liquid-free porosity in cm3/cm3; Da = difftt 
sivity of vapor in air in cm2/sec; P = barometric pressure in mm Hg; p = saturated 
vapor pressure in mm Hg; and c = vapor concentration in g/cm3. 

It is evident that, for a given W (and consequently h and C) of a porous medium and 
equal temperature conditions, the magnitude of thermo-capillary film flow is propor-
tional to 

- pa 
- aT 

and the magnitude of temperature gradient-dependent vapor diffusion relates linearly 
to 

Da ac 
= P - pT 

Choosing substances whose C and form different sequences and comparing calculated 
fluxes with the observed ones, it is possible to attempt to determine if any particular 
mechanism dominates in each case. 

Here the results are reported concerning thermal transfer of H20, C 2H 5OH, C6116, 
Cd 4  and dibutyl phthalate (C16 H 2204) in two model porous ceramic media-crushed ce-
ramsite (CC) and crushed firebrick (CB) -investigated earlier (7). 

EXPERIMENTAL 

Some properties of the porous media are given in Table 1 and properties of fluid 
substances appropriate to their vapor and liquid transfer are given in Table 2. 

TABLE 2 

CHARACTERISTICS OF H20, CaHOH, C,H,, CC14, AND C,,12204 
INFLUENCING THEIR VAPOR DIFFUSION AND THERMO-CAPILLARY FLOW 

'7, 0, 1/1T, .2 P, D0, lc/1T, -._. 	_ 
Substance g/cm/seC g/cm' dynes/cm/deg C 7 	T 

x 102  mm Hg cm'/sec g/cm' C - P 	T 
io 

H 2O 0.86 1.00 0.157 18.2 27 0.27 0.13 3.62 
C2H2OH 1.06 0.79 0.091 6.8 68 0.12 0.82 10.8 
C,II, 0.58 0.88 0.137 20.7 105 0.09 2.06 21.5 
CCI, 0.88 1.61 0.110 20.1 131 0.09 3.60 38.9 
C,,HmO, 20.0 1.05 - - 1 x 10' - - 1 x  10' 



41 

No values of the surface tension-temperature relationship and of the vapor diffu-
sivity of dibutyl phthalate are at our disposal, and thus no calculations have been made 
for this substance. However, it was felt that, because of the negligible vapor pres-
sure, its thermal mass transfer (TMT), if it exists, can be ascribed to the liquid flow. 

Experimental determinations of TMT time rates were accomplished following the 
method described earlier (6) for a temperature difference of 22-32 C and a steady 
temperature gradient of 1.0 C/cm. 

Observations on the TMT kinetics in the closed horizontal cylindrical columns used 
in the experiments have shown that, in some range of initial moisture content W, the 
gradient of W in the middle section of a column is negligibly small at an early stage of 
the experiment. Transferred mass quantity increases nearly linearly with time during 
that period of a run. Because of constancy of W, T, and dT/dx, a mean time rate dur-
ing this stage of the experiment may be taken as a true time rate of TMT at first ap-
proximation and used for comparison between the fluxes of different substances. 

The TMT fluxes of H20, C2H5OH, C6H6, and CC14  were determined experimentally 
for a W1  of 6-8 percent. The values obtained were compared with those calculated ac-
cording to Eqs. 1 and 2. When using these equations one needs to introduce some ap-
proximations. Thus, when calculating h, the authors of Eq. 1 supposed all the liquid 
to be distributed uniformly on the surface of solid particles. However, actually a 
part of the liquid is in wedges around the contacts of particles and it is impossible to 
compute a share of film moisture for non-ideal systems. The use of the supposition 
mentioned leads to overestimation of h and qtf . A part of the film adjacent to the solid 
surface is probably more viscous than the bulk liquid, which also induces overestima-
tion of q•  Due to a deviation of actual film surface from the direction of temperature 
gradient, the effective value of the latter is smaller than the overall gradient entering the 
equation. Further, Eq. 1 must include only the available surface, not the total surface, 
as a path for the liquid flow. However, we do not know any reliable method for its es-
timation for the media as used. In our calculations we used total specific surface mea-
sured by adsorption of water vapor (10). For h determined independently of S it leads 
to overestimation of qtf,  but for the adopted method it may cause some underestimation 
of qtf, which probably is outweighed by the former factors. But since the initial mois-
ture contents for all the liquids were made equal, the computed values of qtf  can be 
compared among themselves even though their absolute magnitudes are not true. Do-
ing so, we suppose the differences in distribution of each liquid between film and wedges 
and in the thickness of immovable film to be insignificant. 

When using Eq. 2, we accounted for the presence of dead-end pores in CC by intro-
ducing a factor calculated with the help of diffusivities of CO2  measured experimentally. 

RESULTS AND DISCUSSION 

In Table 3 the time rates of TMT observed for the substances studied (q) are given 
along with those calculated according to Eqs. 1 and 2. Figure 1 shows net TMT in the 
closed systems as a function of W. 

We could detect no measurable TMT of dibutyl phthalate even in very long runs (10 
days). 

As can be seen from Table 3, thermal transfer rates larger than those calculated 
according to Fick's law are appropriate not only to water but to all the substances 
transferred. When written in the order of their magnitudes, the values of observed 
TMT fluxes form a sequence similar to that of their fluxes computed according to Eq. 
2, i.e., temperature gradient-dependent vapor diffusion. The ratios qe/qtv  are not 
constant, however, and tend to decrease with the increase of qtv. It may partially be 
explained by the fact that larger values of qe  relate to the substances whose vapor pres-
sures in experiments could be somewhat lower than the saturated pressure. Neverthe-
less it is reasonable to suppose that if the excess of qe  over  qtv were caused by the 
existence of ther mo- capillary film flow, the differences (q - qtv) for all the substances 
should form the same sequence as the values of qtf  for these substances. 

As Table 3 shows, this is not the case. This may be interpreted as evidence of an 
insignificant part played by the thermo-capillary film flow in TMT under the conditions 
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TABLE 3 

COMPARISON BETWEEN OBSERVED (q5 ) AND COMPUTED TIME RATES OF THERMAL 
TRANSFER OF H2O, C2115011, C0H,, AND CC10  IN CRUSHED CERAMSITE AND CRUSHED FIREBRICK 

(dT/dx = 1.0 C/cm, T = 22-32 C) 

q gm/cm2/sec x 100  
/tv ( 	- q) s i0 

Substance Crushed Ceramsite (CC) Crushed Firebrick (CB) 

Eq. 1 Eq. 2 Eqs. Experi- Eq.! Eq. Eqs. Experi- 
CC CB CC CB 1 + 2 mental 1 + 2 mental 

HO 3.14 0.14 3.28 0.70 8.18 0.18 8.36 0.89 5.0 4.9 0.56 0.71 
C2H5OH 1.17 0.36 1.53 0.94 3.04 0.47 3.51 1.20 2.6 2.6 0.58 0.73 
C,H, 3.56 0.75 4.31 1.27 9.29 0.98 10.27 1.76 1.7 1.8 0.52 0.78 
CCI, 3.44 1.34 4.78 1.98 9.02 1.77 10.79 3.03 1.5 1.7 0.64 1.20 

of the experiment. Net  TMT in closed systems depending on the ratio of thermal 
isothermal permeabilities of a medium increases with 

- Da dc 
- P - pdT 

and so does the range of W1  where net TMT occurs. The results suggest that, under 
the conditions studied (low to medium moisture content, low specific surface), vapor 
diffusion, probably with vapor-liquid interaction (13), is an essential element of pro-
cesses which secure increased time rate of TMT, and that thermo-capillary liquid 
flow exerts little, if any, influence on the process investigated. 

It should be noted that ratios qe/qtv  are greater for H20 and C2H 50H, both substances 
having molecules of, high polarity. This property influences the degree of orientation 
of the liquid layer adjacent to the solid surface and thermodynamic characteristics of 
these layers may favor thermo-osmotic liquid flow (3). 
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Figure 1. Net  thermal transfer of several substances in granular porous ceramic (crushed firebrick): 
1-H20, 2-C2  H5OH, 3-C6H6, 4-CC 14. 
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THERMO-SELF-DIFFUSION AND 
THERMQ-OSMOSIS OF LIQUID 

I 	 In the second part of this paper we con- 
_______ 	 sider the thermo-osmosis and thermo- 

I 	1L_ 
I 	I 	self-diffusion of liquids as probable mech- 

- 	I 	 anisms of TMT in porous media. 

	

_kN 	 Here we consider thermo-osmosis () 
and thermo-self-diffusion in a model cap-
illary system comprising (Fig. 2) a cylin-
drical capillary filled with one-component 
liquid and placed between two vessels, 1 
and 2, where pressure P and absolute 

	

Figure 2. Capillary model. 	
temperature T are different. In our dis- 
cussion we will use the"hole theory" of 
liquids (5). From the point of view of 
this theory a liquid flow through the cap- 

illary along which there is a steady temperature field includes "molecular" (diffusion) 
and "bulk" components. 

"Molecular" flow is due to translocations of molecules caused by the gradient of 
chemical potential and temperature. Considering these translocations as discrete 
jumps of molecules or their associates (coordinated groups) in adjacent "holes," the 
molecular components of the flux may be expressed with the help of the well-known 
equation of irreversible thermodynamics (8): 

im 	 * x' 	 (3) = LM(XM 	q, 

Here LM = the phenomenological coefficient; Qk = heat of transfer of liquid per par-
ticle, which is equal to the translation movement activation energy of molecules of a 
liquid; and XM and Xq  = thermodynamic forces: 

	

- 	[grad] 
XM - - 	T. 

- gradT 

	

q - 	T2  

where 1M = the chemical potential of particles of a liquid. 
The "bulk" component of the flux is a well-correlated movement of particles due to 

the external force field. This flux is equal to 

JB = 

where u[r] = the radial distance-dependent velocity of liquid, flow due to the pressure 
gradient, grad p; this velocity can be determined from the equation 

	

, div grad u[r] = grad p 	 (4) 

and where nM = concentration of particles of a liquid per unit volume and'n and,= viscosity 
of a liquid. Thus, total flux is i = i M + j, and total flow I = 'M + 'B is found by 
integration over the section area of a capillary. 

Let us consider now the influence of interaction between the liquid and capillary walls 
on the molecular components of mass flow. In general, energy characteristics of par-
ticles of a liquid are modified owing to such an interaction. The interaction forces 
weaken rapidly with the distance from the wall; thus, changed properties are appro-
priate to a thin layer of thickness d adjacent to the wall. 

Molecular transfer of a liquid can take place both in the bulk and in the boundary 
layer d. Consequently, 1M may be represented approximately (taking into account the 
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absence of distinct boundary) as a sum of two components: one characterizing the flow 
in the boundary layer and the other describing the flow in the remaining volume. 

Now we define Eq. 3 with the help of grad pc and grad T only, considering g.t as a 
function p, T, and nh where nh = volume concentration of holes defined in its turn by the 
local values of p and T. Here the pressure gradient in a capillary, grad Pc' does not 
equal (P1 - P2)/l (where 1 = length of a capillary) because of a pressure jump in boundary 
zones 1 and 2 (Fig. 2) occurring due to the modified energy characteristics of a liquid 
in the near-wall boundary layer. We assume zones 1 and 2 degrade to flat surfaces sep-
arating a capillary from vessels 1 and 2. 

At surfaces 1 and 2 the condition of equality of the particles' chemical potentials in 
the capillary and outer volumes is satisfied. Meantime the chemical potential in the 
vessels, IiV, is defined by temperature and pressure only, whereas in a capillary the 
particles' chemical potential, pc, depends on the distance from the wall (R-r) as well. 

Let us find (P2c 
- 

Plc), supposing the pressure difference to be small and using 
expansion of 14about P1: 

grad Pc = grad p + 	grad T 	 (5) 
vb 

where S [rJ = 5 P1, rJ - SbtP1]; S = entropy; and vb = specific volume (per 
particle). 

Further, using grad Pc from Eq. 5, the total molecular flow, 1M = 	+ 'M' is 

	

= 
- 

MP grad p - aMT  grad T 	 (6) 

_1 

b 	nh MP 
= - irR2D / 	 + 2 	 (7) 

) 

MT = _ITR2Db [ 	(_I 

	

b'
ij) 	+ T) + 2 ~- ~ ( 73 u ~'(— 	d 

h 	T + IT)] (8) 

b, d 	- 	 i 	h 	 z 	h 	 L. 	Dd 
where T 	

- ?nh T + - 	 + - i—, = 	; and Db 

b,d = a .0 anh 
'1'MP 

The first term in parentheses in Eqs. 7 and 8 was deduced as a sequence if averaging 
over the volume of a capillary; the second term is due to averaging over the layer d 
and, on the basis of the kinetic theory of liquid, the transition was accomplished from 
L to seif-diffusivity D. 

Now let us consider the bulk component of the total liquid flow in a capillary, 

'B = 	
fticrdr 

The value of u can be deduced from Eq. 4 using grad pc from Eq. 5. The first term in 
the right part of Eq. 5 depends only upon P, the second one upon T; thus the total flow 
'B can be split into two components: 

P 	T 
'B = 'B + 'B 
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where I = Poiseuille's flow due to the pressure difference, and I = thermo-
osmotic flow due to the difference in thermodynamic properties: 

'B = 	
BP grad p 

ITR4 	
(9) 

BP = 

The component 'T B depends upon grad T and is defined by the actual form of the rela-

tionship of Srr1: 

'B = 	
BT grad T 	 (10) 

MT = 	rdr jT dr'
/' S[r']r' dr' 	 (11) 

Considering z = constant in the section perpendicular to capillary axis, we write 

- .h[r] 
rn1 - T 

(12) 

where h[r] = difference of enthalpy for particles situated at (R - r) distance from 
the wall and particles which are sufficiently far from the layer d. 

If the interaction potential changes with the distance from the wall according to (R - 
r)m, then () 

h[r] = 	y 	 (13) 
(R - r)m3 

Here v = v, 2 - v2 , 2' where y is the force constant of the particles' interaction; 
yj, 2 characterizes the interaction between particles of the liquid and the capillary 
wall, and 2, 2 is the interaction between the particles themselves (we suppose the 
distance dependence of the particles' potential to be the same for both interactions). 
The maximum T is equal to (R - o), where 6 is the minimum interparticle distance, 
i.e., 

(h)= - V 
max 	6m-3 

Using Eq. 13 in Eq. 12 and inserting the result into Eq. 11, we obtain, after in-
tegration up to (R - 6) (instead of R), when neglecting terms that depend upon 63 and its 
higher powers, 

ITR2 62  (h)max 
a 	= (14) 

BT 	(m - 4) (m - 5) V2  t7 T 

Thus, the total flow through the capillary is 

= M + 'B = - (Mp + aBp)radP(aMT + cyBT) grad T 

At steady state, when I = 0, grad p and grad T are related as follows: 



gradp = 
grad T 
= afl + BT 	 (15) 

'MPBP 
au 	
hi h Supposing each of -, -- and -- n the capillary volume to be negligibly small ap 

and adding Eqs. 7 - 9 'nd 8 14, we arrive at 

+BT = 	TR2 	 M 	'max'  1 (16) b 	n) L' - 	( 	kT 	/ ] 

where introduction of the Boltzmann constant, k, reduces the term in brackets to a 
dimensionless one. 

Further, 

1 

aM.p + aBP = - ITR2VbDb!ny—h _ [1 + 2(d/R) 	+ N] 	(17) 

- 1 maxi 
kT L kT j 

= - k/y 	

M 

b 1 + 2(d/R) + N 	 (18) 

N = 	R2 	 (19) 
8 vbDb nh 

T 	a.0 	 ASb 	 ASh _______ 
M = 	h) 	- [1 + 2(d/R) ) + (Sb)max + 2(d/R) (AS) 

max h max 

862 N + 

	

	 (20) 
(m-4)(m-5)R2  

=+ 2(d/R) t Q 

Supposing nM > > 	we get 

- 	nh 	•!. 	= 	 (21) 
- 	 b 

Using the power relation of the type in Eq. 13 gives 

AS 	2 _______ 
max 	

= T—_-4  ) d/R 

1 	o/d [i- (8/d)m-4] 
(AS) max = (m-4) 

nh A. 89h Let us estimate Considering a liquid as a mixture of particles h' T' p' p 
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of the liquid and holes we write Gibbs' free energy for liquid: 

(nM + 
G = nM 	+ nh 	- kT in 	

, 	
, 	 (22) 

M h 

where gh = free energy of the hole. 
From Eq. 22 we obtain 

+kTln 	 (23) MM =an = 

aG 	 kT.ln 	
n h 
	

(24) = 	
+ 	n M + n h 

If in every microzone (in the sense of ther-modynamics) there is local equilibrium in 
relation to the number of holes, then Eq. 22 leads to 

nh 	= (nM + nh) exp ( -gh)  iT 
(25) 

nh - flhVh 

- 	kT 

- 	n 
h  h  h 

aT - kT2  

Here vh  is the volume of a hole, hh  is the enthalpy of the creation of a hole, and 

Ak =VM is the volume of a particle of the liquid. Then from Eq. 21, 

ah 	v 
b  v  M 

v h  n  h 	
-v 

b 
 kT 
 

If we ascribe all the changes of the volume depending upon the changes of pressure 
and the temperature to the change of number of holes, then

dn  

	 - 

dv 

h 	vhvb 

nh - 1 Vb - a i-;f  - 	
- vh 

nh - 1 Vb - 

Bp 	- v h  v  b ap - vh 

where a is the thermal coefficient of volume expansion, and $ is the compressibility. 
Thus, 

V 
= --- 

nh T 
	k a T 
 vh 

It is known (5) that hh = kT and consequently 
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- 

a X 

aT 

Vh = ($/a)k 

an u - Ta 
- 	 fi 

V 

It is possible to write 

N 	Rf2kT 
- 8 VbDbTI 

instead of Eq. 19. Neglecting terms of order (d/R)3, (8/R)3, and higher, we have 
instead of Eq. 20, 

kT I a v b T M 	
= 	

(nh) 
max 	

k8 	+ A N 	 (27) 

where 
A 	

862 
= 

(m - 4) (m - 5)R2 

in the case of Eq. 13 and 
A = 4d2/R2 

if we consider h as a constant in the layer d, h having the value appropriate to the bulk 
liquid beyond this layer. Since N >> 1 for the majority of liquids at normal tempera-
tures and R ~t 10 cm, we can finally rewrite Eq. 18 

8D fl Q' I max-(h) 

	

b e M 	 2
1T kT 	kT 

The value of (h)max can be estimated from the condition 

CO 

fAh n M dx8 	 (29) 

where 0 = Ola + 81s 	9sa' 01a and 9sa are the surface tension at liquid-air and solid- 

air interfaces, and 9ls is the same at the liquid-solid interface. For wholly wettable 
system 8 < 0. 

From Eq. 29, 

	

(m - 4) 8 	(m - 4) 828 	 (30) (h)max 
- nMô 

(h)max - 

For R ~ 10 4cm, m = 6 (Van der Waals force) 8 ~ 100 dyne/cm, 	kT 	- 2 3, 
and consequently M < 1 for water. 

(26) 
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Taking Q* as equal to the activation energy of viscous flow and self-diffusion (14), i.e., 

Q/kT 5 ~ 7 

we obtain 
D 

,e= (20-40) _.!?_ 	 (31) 
R 2 T 

If in the system P1 = P2 at the beginning, the steady state establishes only in a cer-
tain time interval after the steady temperature gradient has set in. The magnitude of 
this time interval, depending on the self-diffusivity and on the characterizing dimen-
sion of a system (in this case, on the capillary length 1), has the order of 12/D. If 
and (h)max are of different sign—i.e. (n.h) max < 0—the sign ofC may change in the 
course of time, since during the first period the flow is governed by the temperature 
gradient -induced pressure head between the capillary ends (thermo-osmosis) and after-
wards it depends mainly upon thermo-seif-diffusion. 

At present it is difficult to compare quantitatively the theory and experiments be-
cause of the lack of data and complexity of the systems investigated. Most of data con-
cern polydispersed porous systems filled with electrolyte solutions, the influence of 
which calls for a special account in the theory. So the considerations that follow are 
only tentative. 

Taylor and Cary (15) and Cary (2) studied thermal moisture and heat transfer in 
soils. They have found that in their systems Onsager's relation of reciprocity was 
obeyed both in saturated and unsaturated media. Habib and Soeiro (9) have found for 
saturated and very compacted loam £. is of the order of 2 x 103 dynes/cm2/grad with 
net thermal moisture transfer directed to a lower temperature. 

One can find more details in the study by Taylor and Cary (15). During the first 
stage of their experiment the temperature field induced a pressure rise at the "hot" 
end of the column and lowering at the "cold" end. The pressure difference achieved 
a maximum of the order of 20 dynes/cm2/grad; then this difference gradually changed 
to the opposite one having the order of 100 dynes/cm2/grad. 

Such a behavior of the system corresponds qualitatively to the theory reported, al-
though it could be influenced by the other factors too, i. e, by the redistribution of dis-
solved substances. 

The majority of data on the relationship between water enthalpy and moisture con-
tent of hydrophilic porous media demonstrate the lowering of h with diminishing of 
water film thickness (11). If this is the case, the thermo-osmotic flow must be di-
rected to a higher temperature and induce the appropriate pressure difference. Water 
transfer to the lower temperature and steady state pressure difference of the reverse 
sign may be explained, among the other factors, by thermo-self-diffusion. Estima-
tions with the help of Eq. 31 show that, when R = 10 cm, X for water is of the order 
of 100 dynes/cm2/grad, in semi-quantitative accordance with the data (15) if viscosity 
of water is assumed to be that of the bulk liquid. 

The net pressure difference in the wholly filled capillary under temperature gradient 
is the result of a dynamic equilibrium of the three flow components: the thermo-
osmotic one, IT directed to the higher temperature; the thermo-self-diffusion one, 

directed to the lower temperature; and the Poiseuille flow, I, directed opposite 
to the resultant of both former ones. The increased viscosity of water in the boundary 
layer influences mainly the thermo-osmotic component of the flow, causing its de-
crease. 
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Relationships Between the Daily Temperature Wave 
And the Development of the Natural Soil Profile 

GOETZ, German Research Association, and 
MULLER, State Geological Survey of Baden_Wiirttemberg* 

'IN WELL-DEVELOPED soil profiles, characterized by dislocation of clay materials, 
formed on bess, lime-rich moraines, and similar substrates in central and western 
Europe, the transition from surface to subsoil lies with impressive regularity between 
30 and 40 cm below the soil surface. At the present time the question is being investi-
gated whether causal relationships exist between this fact and the course of soil tem-
perature. For this purpose an automatic temperature recorder has been installed in 
the Würmmoraine of the Rhine glacier. Measurements are made on moraine raw soil 
material taken from deeper unchanged layers with which sections of the natural profile 
on the south and north flanks of a drumlin had been replaced. 

The first measurements from the 1967 growing season show a well-marked termi-
nation, at a depth of 30 to 40 cm, of the daily absorption and emission of radiant en-
ergy and of the daily march of soil temperature and circulation of soil heat. A ther-
mally activated upper zone is differentiated at this depth from a thermally passive 
lower zone. In between lies an equalizing transition layer that shows a temperature 
maximum during the period of heat loss. 

The different microclimates occurring at the northern and southern side of the 
drumlins and in the different seasons produce differences in degree but not in princi-
ple. According to the literature, the depth of the daily temperature wave during the 
summer half-year is, under otherwise comparable conditions, quite independent of 
soil type and vegetative cover. 

THE PEDOLOGIC PROBLEM 

In the transition zone between rock and atmosphere, the native rock is permeated 
at all joints by air and periodically also by water. A few interconnected processes 
transform the rock to soil. At the beginning of the weathering phase, an essential 
role is played by temperature changes. These cause mechanical breakup of those 
rocks whose mineral components have different thermal coefficients. In cold and 
temperate climates, mechanical comminution is achieved mostly by the expansive 
force of ice formation in frequent cycles of freezing and thawing. Part of the loose 
particles produced are transported and secondarily accumulated under the action of 
gravity or of glacier ice, moving water, or wind, and also through biologic processes. 
The latter also produce humification and biochemical transformation of the substrate. 
This is accompanied by an increasing contribution from solution weathering which, in 
humid climates, brings about a translocation of soluble bases to gfeater depths. 

In the case of the moraines investigated by us, which are mixtures of calcareous 
and siliceous materials, the first phase of solution weathering is a decalcification. 
The remnant, left behind in the solution process, is a colloidal clayey substance that 
in temperate climates is at first quite mobile. This substance characterizes the funda-
mental process of soil formation that is of special interest in this connection: the 
"lessivage" or clay permeation. 

*paper  translated by Hans F. Winterkorn. 
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The French pedologist, Duchaufour (4, p.  252ff), has for some time drawn attention 
to this previously little-noticed process. It occurs in central and west European soils 
under the influence of seepage water at neutral or slightly acid reaction of the soil so-
lution. The lessivated colloids washed out of the surface soil layer (A-horizon), which 
has become impoverished in clay materials, are accumulated in the subsoil (Bt-ho-
rizon) as coatings on the granular soil constituents. Duchaufour assumes that the 
lessivation is due to the action of insufficiently humified, but soluble, organic sub-
stances (kryptomull) formed from vegetable residues of central European broad-leaf 
forests. 

This process is responsible for the main soil types that we found in central and 
western Europe, the "sol lessiv" (Duchaufour) and the "Parabraunerde" (Mücken-
hausen, 9). In the nomenclature of the U. S. Soil Survey Staff (17), typical "Para-
braunerde" would be a "typic Normudalf." 

The lessivage is especially marked in substrates in which calcareous and silicate 
mineral components are mixed. Examples of these, in addition to the investigated 
moraines, are bess, calcareous sand stones, mixed gravels, and other mixed sedi-
ments. In soils developed on these materials, the regional soil survey in central and 
western Europe has encountered the interesting fact that the depth of abrupt transi-
tion, from the lessivated, mostly sandy, light grey-brown A-horizon to the underlying 
reddish-brown Bt-horizon with its clay enrichment, is of extraordinary constancy in 
all undisturbed soils and is between 30 and 40 cm. This line separates an upper soil 
layer that is usually poor in humus but possessed of small, loose aggregations and 
relatively rich in biologic activity, from a clayey subsoil, often of coarse prismatic 
structure, with larger water-holding capacity but with considerably less air-soil in-
terface and consequently lesser potential for biologic activity. 

During extensive mapping of forest soils in southwestern Germany, the suspicion 
arose that climatic factors are involved in the location of the line of separation of the 
two horizons, especially since it is more pronounced the warmer the regional climate. 
In cooler areas, the line of separation becomes an indistinct zone of transition (18). 
Whereas in other soil types the horizon boundaries at a depth of 30 to 40 cm are not as 
distinct as in the lessivated types, such boundaries are relatively frequent on loose 
substrates, even without lessivage—e.g., as boundary of humification on loose cal-
careous substrate or as boundary of brunification in the case of stunted "Braunerde" 
soils formed on loose rock that is poor in bases. In podsols too, the B-horizon often 
begins at this depth. In addition, precipitation of lime and accumulation of other sub-
stances often occur at this depth. 

Because this phenomenon occurs on substrates which, though normally well-drained, 
may vary greatly in permeability, meteorological reasons suggested the working hy-
pothesis that the constant thickness of the upper soil horizon could be correlated with 
the course of the soil temperature (ii). Many soil temperature determinations from 
all over the globe show that the daily temperature wave reaches this depth during sum-
mer. Best evidence for this is furnished by the measurements of the Serbian meteo-
rologist, Vujevic (19). During the years 1902-1906, he studied the course of soil tem-
perature in a "humous soil" (probably chernozem from bess) at depth intervals of 10 
cm. His results prove that the depth of penetration of the daily temperature wave dur-
ing the warmest season of the year is 30 to 40 cm, and that belcw this, the tempera-
ture differences are damped out. 

The problem is, however, complicated by the fact that a very large number of sub-
strates are covered by allochthone layers of the same constant thickness of 30 to 40 
cm. In the case of such layered substrates, the boundaries of the subsequently de-
veloped soil horizons coincide with those of the geologic strata at depth of 30 to 40 cm. 
This observation has caused several authors to question the existence of the lessiva-
tion process and to explain the profile of the "Parabraunerden" as a consequence of 
geologic stratification (14). Nobody considered the alternative and asked the question: 
Why do these cover strata usually have the same thicknesses? 
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Figure 1. Cross section of a drumlin near Konstanz with asymmetric soil formation. 

RESEARCH OBJECTIVE 

In view of the indicated problem, it was fortunate that the forest site-mapping ser-
vice of Baden-Württemberg found some 'Parabraunerden" in young Wuerm glacial 
drumlins in the area of Konstanz on the Bodensee that were clearly formed by lessiva-
tion (12). The para-brown earths located on the narrow level crest of these hills con-
tain no late-glacial covering layers that could have been deposited by wind action or by 
post-glacial soliflux. The coarse gravelly components cannot be of aeolian origin, and 
the preconditions necessary for soliflux are absent in the closed, level altiplains of the 
region. 

Figure 1 shows that, depending on the exposure, different stages of soil development 
are observed. The pertinent relationships can be explained with great probability by 
the microclimate and the natural succession in the vegetative cover. One finds that in 
the starting stages of soil development, on the shaded NE slopes, as well as on the 
most extensively decalcified and developed soils of the SW flank, the surface horizons 
have a depth of about 40 cm. Their lower boundary is usually very sharp. The sub-
soils, which are enriched in clay content, often show reddish coloration in the mild 
vine-growing climate around the Bodensee (13, Table 95). The average yearly tem-
perature is 8 to 9 C, the mean precipitation, 800 mm, most of which falls in suminer. 

The composition of the numerous drumlins of the Bodanruck of the Rhine glacier at 
Konstanz is quite similar. About 60 to 80 percent of the volume consists of gravel of 
20 to 60 mm diameter, which is relatively loosely packed and has a high coefficient of 
permeability. It consists of about 60 percent alpine carbonate rock, marble, calcar-
eous sand stones, and siliceous lime stones. The remainder is crystalline rock in 
which quartzites, granites, gneisses, and amphibolites prevail. The lime content 
varies in the finer fractions (20 to 0.6 mm) between 20 and 50 percent, which means 
that the content in quartz and silicates is much higher in the finely grained materials 
than in the gravel. The fractions below 0.6 mm amount to about 10 percent of the total 
weight. Their size composition is as follows: 

Size Fraction (mm) 	 Approximate 	Percentage 

0.6-0.1 	 32 

0.1-0.02 	 48 

0.02-0.002 	 18 

<0.002 	 2 
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The fine sand fraction prevails at 20 to 30 percent lime content; these values are av-
erages of sieve and sedimentation analyses performed at the State Geological Survey 
at Stuttgart. 

The regularity in the variation of soil development with variation in exposure con-
dition, and the constancy of the boundary between the upper and lower soil horizons at 
about 40 cm, render pairs of opposite drumlin flanks favorable objects for the study 
of the influence of the course of soil temperature on soil formation. 

For this purpose a forest-free drumlin, named the "Walzenberg," located at the 
village boundary of Allensbach, was chosen. Its natural soil had been greatly changed 
by agri- and viniculture, and through erosion caused by these. Fertilization, em-
ployed in this soil use, produced strongly humified starting stages of soil formation 
(Rigosol-Pararendzina). It is interesting to note that in these stages the naturally 
loose moraine material is very often so well cemented, in dry condition at a depth of 
30 to 40 cm, that pointed Warren hoes were required to break through this zone in 
digging. It is assumed that this cementation is caused by a very small amount of si-
licic acid that has been formed in the layer above and has been illuviated into its pres-
ent location, where it forms a temporary cementing material when dry. This problem 
is being further investigated, but for the present, the depth location of this young hard-
pan is of interest. 

In order to obtain useful quantitative data of the microclimatic factor acting on a 
drumlin, we first eliminated the many accidental variations that result from the dif-
ferences in-vegetative cover and from the degree of soil and humus development at a 
particular location. Therefore, at the test locations, raw material conditions were 
created that were comparable with those obtaining at the start of soil formation im-
mediately after retreat of the ice. This could be achieved very easily by excavating, 
on the two drumlin flanks, pits having a cross section of 2 by 2 m down to the raw 
moraine material and filling these pits up to the surface with raw moraine material 
from the same drumlin. 

The microclimatic investigations are based on the following conditions: 

The two test areas are situated at an elevation of 450 and 500 m above sea level, 
in the upper third of the unforested drumlin slopes of an average slope angle of 200  to-
ward SW(S) and NE(N), respectively. 

The artificial filling of raw lime-rich moraine material has a single-grain 
structure of good permeability, and is nonplastic and hardly susceptible to erosion. 

The surfaces of the artificial soil fills were fitted to the natural slope and were 
kept continuously free of vegetation. 

The following microclimatic factors were determined: (a) soil temperatures at 
depths of 2, 5, 10, -20, 35, 50, 75 and 100 cm by continuous mechanical recording; 
(b) precipitation and seepage water; and (c) drainage. All microclimatic test data 
were evaluated in coordination with the course of the weather. For this purpose, use 
was made also of the measurements and records of the neighboring official climatolog-
ical stations. 

These investigations are financed by the German Research Association (Deutsche 
Forschungsgemeinschaft), and will extend over three growing seasons. At the time of 
this report (May 1968), only a preliminary account can be given, covering a portion of 
the test results obtained in 1967. 

PRELIMINARY TEST RESULTS 

The formulation of the problem requires average values of the course of the daily 
temperature in the soil over the entire growing season, April to November-December 
1967. These values were obtained by adding the respective hour-values for a whole 
month and dividing the sum by the number of days in a month. During the recording 
period, we obtained a very large amount of data of variable quality. We were forced, 
therefore, to concentrate for a first overview on a partial evaluation of what were con-
sidered to be the most reliable data. 
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Suitable for this purpose appeared to be the recordings of the soil temperatures in 
the two months of'April (mid-spring) and July (mid-summer) with their seasonally 
caused maximum temperature differences. For their presentation we chose the geo- 
therms (isotherms of the soil). 	 ' 

Furthermore, we decided to aid in the visualization of' the problem by presenting 
tautochrones, which show the temperature as a function of depth for a particular mo-
ment in time, from the specially suitable example of the course of the daily tempera-
ture wave in the,  soil on the southern flank of the moraine, in the month of July (desig-
nated in the following as "JulyS"). 

Finally, we are attempting to transmit a preliminary, comparative overview of the 
course of the average daily temperature for a period of six months (April 1-30; May 
16-June15; July 1-31; August 16-September 15; October 1-31; November 16-Decem-
ber 15, 1967). For this purpose, typical selected pairs of tautochrones are presented. 

Weather During April and July 

In the meteorologic characterization of the two months with .espect to the long-term 
averages, April was classified as too cold, and July as one of the 11 hottest of this 
century, according to the Monthly Weather Report for Baden (published by the German 
Weather Service, Weather Office, Freiburg, i. Br. No. 4, April and No. 7, July 
1967). 

Interpretation of Results to Date 

Despite the strongly contrasting starting situations with respect to weather and ex-
posüre, several common traits of the geotherms of the course of the average soil tem-
peratures can be recognized (Figs. 2, 3, 4, 5). Most impressive —and uniquely well 
shown in this type of presentation—is the differentiation between an "upper zone" with 
more or less closely spaced geotherms and a "lower zone" with widely spaced, lightly 
curved or even almost rectilinear geotherms. The transition line between these two 
types of geotherm patterns lies with remarkable consistency at a depth of 30 to 50 cm. 

We shall inspect separately the daily insolation phase ("w" = warm) in the middle 
of Figures 2, 3, 4 and 5, and the heat radiation phase ("C" = cold) at the left and right 
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Figure 2. Geotherm of the average daily temperature course in soil for April 1967, south'slope. 
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Figure 3. Geotherm of the average daily temperature course in soil for April 1967, north slope. 

margins of these figures. Early in the insolation phase, the crowding toward the right 
hand of the geotherms in the upper zone of the north slope is indicated by the asym-
metric pattern of the geotherms (Fig. 3, tWt?).  This crowding to the right reaches 
its greatest horizontal deformation in the same depth range of between 30 and 50 cm 
on the south slope in April as well as in the two figures for July (Figs. 2, 4, 5). We 
shall call this a transition layer and note the fact that in July as well as in April the 
dimensions of the upper zone and the depth location of the transition layer remain es-
sentially the same. There is, however, a difference in the appearance of the zones 
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Figure 4. Geotherm of the average daily temperature course in soil for July 1967, south slope. 
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Figure 5. Geotherm of the average daily temperature course in soil for July 1967, north slope. 

of maximum deformation of the July geotherms, in that this zone is strictly localized 
at the 35-cm depth range at the southern exposure, while it is less accentuated on the 
northern slope and spreads over the entire thickness of the transition layer. The geo-
therms for the radiation phase show the same characteristic crowding toward the right, 
but without reaching the same degree of deformation as shown for the insolation phase. 
It should be noted that all radiation phases, irrespective of season and exposure, gen-
erally move from the upper zone well into the range of the transition layer. Differ-
ences in degree between the radiation phases exist for the two slope exposures only 
in July; while the radiation phase loses itself gradually on the northern slope at a depth 
between 35 and 50 cm (Fig. 5, left margin), that on the south slope is more sharply 
accentuated and ends at a depth of 35 to 40 cm (Fig. 4, left). The phenomenology of 
the insolation and radiation phases at both exposures was quite analogous for the two 
months under consideration. 

The daily temperature variations that express themselves in the two characteristic 
phases of the upper zone are noticeable in the lower zone (i.e., from about 50 to 100 
cm) only as relatively weak thermal "impulses" (Figs. 2-5). Again only differences 
in degree can be observed between the two seasons and the two exposures. 

Now our attention shall be directed to the phenomena in the "transition zone." Here 
in the course of the daily march of temperature —especially during the night—is devel-
oped a zone of thermal discontinuity that is connected with the marked retardation of 
heat penetration during the insolation period. This temperature reversal was more 
strictly localized on both slope sites in July than in April, and also—independent of the 
season—was less distinct on the north slope than on the south slope. It is, therefore, 
most noticeable in the horizontally-directed, strongly deformed geotherms of July-S 
(Fig. 4). The maximum of the daily temperature wave occurs, therefore, during the 
night at a depth of 35 to 40 or 50 cm, which is between the soil surface and the 1-rn 
base line at the bottom of the test fill. This depth range can, therefore, be considered 
as a thermally distinct boundary layer. 

Before proceeding to a general comparison of all the months in 1967 covered by this 
investigation, we shall treat briefly, and with the same method of presentation and 
analysis, the average daily temperature course obtaining in July on the south slope 
(Fig. 6). Tautochrones show, on the one hand, the temperatures as function of soil 
depth for a particular moment in time, and on the other hand, the direction of the heat 
flux at different depths at particular times. 
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Figure 6. Tautochrones of the average daily temperature course in soil for July 1967, south slope, for 
all odd-numbered hours. 

The main characteristic that can be observed is the relatively wide fanning out of 
the tautochrones between soil surface and about 35 cm depth (upper zone) and a rela-
tively narrow bunching from there to the bottom of the pit (lower zone). This is ex-
pressive of the almost discontinuous decrease of the amplitude of the daily tempera-
ture wave at the boundary layer at about 35 cm. At a depth of 100 cm, the amplitude 
is completely damped out. Furthermore, in the upper zone, the two phases are char-
acterized by the directions of the tautochrones: the tautochrones of the insolation 
phase run from the upper right-hand to the lower left and indicate a downward heat 
flux (see the 15 h [3 p.m. tautochrone in Fig. 6), while the tautochrones of the heat 
radiation phase indicate an upward direction of the heat flux (see 5 h [5 a. m. J tauto-
chrone in Fig. 6). Both follow the prevailing temperature gradient. The transition 
between the two phases reflects itself in several inversions in the daily course (see 
the 9 h and 21 h tautochrones in Fig. 6). This behavior of the tautochrones is ex-
clusively restricted to the depth range of the upper zone. The nightly radiation phase, 
with temperature increase in the soil, ends at a depth of about 35 cm. This is the 
locus for a persistent inversion; i. e., during the nightly radiation period, the tem-
perature maximum between soil surface and 1 m depth is localized in this boundary 
layer (see 01 to 07 h tautochrones in Fig. 6). The direction of the bunched tauto-
chrones in the lower zone that run from the right top to the left bottom is expressive 
of the downward heat flux occurring in mid-summer (Fig. 6). 

In order to obtain a first general view of the typical daily march of soil tempera-
tures during the entire growing season, April to November-December 1967, a repre-
sentative pair of tautochrones was selected for every month studied. These tauto-
chrones were characteristic for the respective insolation and heat loss or radiation 
phases, and represent the respective types (Figs. 7 and 8). These two tautochrones, 
supplied with time (hour) notation, start from the daily maximum or minimum, re-
spectively, at the soil surface (2 cm depth in our case). Exceptions were the tauto-
chrone pairs from April and May-June 1967, which, because of instrument trouble, 
started only at depths of 10 cm. 

We shall omit, for the time being, consideration of the two November-December 
tautochrone pairs (Figs. 7-VI and 8-VI) and also of the October pair for the north 
slope (Fig. 8-V). In all the other pairs -irrespective of season and slope exposure-
far-reaching analogies are strikingly evident. All tautochrone forks that lie in the 
upper zone close themselves in the depth range of 35 cm. This means that the average 
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Figure 7. Selected tautochrone pairs (insolation and heat radiation types) for 6 months of the growing 
season of 1967, south slope. 

daily temperature wave during the period from April to August-September is largely 
damped out in this boundary layer. Furthermore, the inversion, shown by the "radia-
tion-loss" type in the boundary layer, is considerably less marked on the northern 
slope than on the southern slope. On the latter, one can observe an increasing ac-
centuation of the inversion from April to July 1967, and thence to the fall a decrease 
in sharpness. The inversion of each tautochrone pair in the lower zone only reflects 
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the phase retardation of the temperature wave penetrating into the soil. Further damp-
ing and final extinction of the amplitude of the temperature wave takes place at depths 
from 75 to 100 cm. 

The direction of the tautochrone pairs in the lower zone swings pendulum-like in the 
course of the growing season on both slope exposures, between practically isothermal 
states in April-N and August-September-N on the one hand (Fig. 8-I and Iv), and a 
distinct downward temperature gradient in July-S and July-N on the other hand (Figs. 
7-I11 and 8-I11). 

For October 1967, a fundamental difference is observed for the first time between 
the two tautochrone pairs deriving from the difference in exposure (Figs. 7-V and 8-V). 
That for the southern slope shows the general familiar features; the inversion at 35 cm 
depth is also still noticeable. For the northern slope, however, the insolation type 
(right tautochrone in Fig. 8-V) terminates at a depth of 20 cm with an inversion. Be-
low this and down to a depth of about 75 cm a heat flux toward the soil surface pre-
dominates. Instead of the temperature inversion, hitherto observed at a depth of 35 
cm, a marked change in direction of both tautochrone types is observed at the same 
depth. This tautochrone bent indicates a weaker heat flux in the lower zone and a 
relatively stronger one in the upper zone. 

With a retardation of about 2 weeks, the same process takes place in the test area 
on the southern slope (Fig. 7-VT). Aside from the absolute temperature values, the 
two tautochrone pairs of October-N and November -December -S are practically con-
gruent. 

Finally, even in the upper zone there was practically no daily temperature varia-
tion on the northern exposure site during November-December 1967; i. e., differentia-
tion between insolation and heat radiation had vanished (Fig. 8-VT). The picture is 
dominated by a heat flux from the bottom of the test fill to the soil surface. Instead 
of the previously observed formation of thermal zones, only a change in direction of 
the tautochrones at a depth of 35 cm is observed. This change in direction indicates 
a stronger heat loss flux in the upper than in the lower zone. 

SUMMARY 

The investigations of the soil temperatures on both slopes of the Walzenberg near 
Allensbach/Bodensee during the growing season 1967 have produced the following pre-
liminary results: 

Analysis of the 4 geotherm fields (Figs. 2-5), which represent the respective 
characteristic course of the daily temperature wave in the soil, renders the following 
thermal profile: (a) a thermally active upper zone between soil surface and about 30 
cm depth, (b) a transition or boundary layer with nightly temperature reversion be-
tween 30 and 40 (50) cm, and (c) a thermally passive lower zone between 40 (50) cm 
and 100 cm depth (lower boundary of filled test pit). 

With the aid of tautochrones, this division into 3 parts can be easily visualized 
by means of the test results for July 1967 (Fig. 6): (a) the fanning out of the tauto-
chrones in the active upper zone, (b) the boundary layer with the localized temperature 
inversion during the night hours, and (c) the alignment of the tautochrones in the same 
direction in the passive lower zone. 

The overview obtained with regard to the course of soil temperatures during 
the growing season of 1967 by means of selected tautochrone pairs leads to the recog-
nition of subdivisions that are functions of time (Figs. 7 and 8): (a) from April (north 
and south slopes) to October (south slope), i. e., spring, summer, fall—the partial 
results enumerated in 1 and 2 are generally applicable to this time period; (b) October 
(north slope) and November-December (south slope), i.e., fall, winter transition—an 
upper zone is still active but only 20 cm thick, there is a passive lower zone from 
about 20 cm to the bottom of the test pit, and at the depth of the boundary layer (35 cm) 
temperature reversion is replaced by a change in direction of the tautochrone pair; 
and (c) November-December (north slope), i.e., winter—the characteristic features 
of the thermal profile have disappeared except for a distinct change in the direction 
of the tautochrone pair at the depth of the boundary layer. The results discussed un-
der 3 are exemplified by the thermal profile sketch in Figure 9. 
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Figure 9. Comparison of the thermal prof iles during the growing season of 1967. 

DISCUSSION 

While this research project is still in an early stage, the first results obtained are 
definitely significant with respect to the purpose of this study. They are in agreement 
with results obtained by others, especially those by Vujevic (19) and Winterkorn (22, 23). 

It is brought out that the thickness of the thermally active upper zone—which from a 
pedologic point of view could be called the range of daily circulation of the soil heat—
coincides in order of magnitude with the location of the boundary between the upper 
and lower soil horizons in the "Parabraunerden" of central and western Europe. The 
same thickness is exhibited in many locations by thin allochthone surface layers. 

The following questions arise: 

What are the causes for the constant thickness of the zone of daily heat circu-
lation? 

What is the effect of this thermal zone on soil genesis? 

Question 1 

The data show that the constant zone of the daily heat circulation in the warm months 
is connected with the predominance of the insolation phase. As soon as the heat loss 
by radiation prevails in the daily thermal picture (winter season), the zone of daily 
thermal circulation moves closer to the surface. An essential role seems to be played 
by the time rhythm in which the insolation phase and the phase of heat-loss by radia-
tion encounter each other. On July days a temperature maximum is observed on the 
soil surface between 2 and 3 p. m., while at the same time the temperature at the 
boundary layer is still on the negative side, showing that the effect of the nightly heat 
loss is only now reaching the boundary layer and that, at a depth of about 40 cm, the 
daily minimum coincides with the maximum on the surface (see also Winterkorn and 
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Eyring, 22). Since the temperature minimum on the surface occurs between 2 and 4 
a. m., one could assume a twelve-hour rhythm of opposing heat impulses, which more 
or less compensate each other in the boundary layer. But the experimental data do not 
quite agree with this explanation; the influence of the soil texture2  too, appears to be 
very small. This has already been pointed out by Chudnovskii (5), who, for soil ther-
mal problems, differentiates only between fine, medium, and coarse granular soils 
(see also Winterkorn, 23). Our experimental data and those by Vujevic (19)—who very 
probably worked with loess-chernozem in Belgrade—show that even medium- and 
coarse-grained soils react in a very similar fashion. Only heavy clay soils appear to 
react differently, if the opposite conclusion regarding the depth of the daily heat cir-
culation is permitted from the lesser thickness (15-20 cm) of their surface horizons. 
However, more experimental data are needed before a definitive statement can be 
made on this matter. There are two different possibilities: 

1. The constant zone of thermal circulation, which in medium- and coarse-grained 
soils shows little dependence on. environment, could follow a layer formation that is 
predetermined by other causes, e. g., a stratification of soil moisture. As a matter 
of fact, curves of average soil moisture contents show quite distinctly a boundary at 
about 40 cm on moist-warm summer days; this has been discussed thoroughly in a 
previous paper (ii). But what is here cause and what is effect? 

In the development of the soil profile, water is without doubt the strongest factor. 
But when the dimensions of the thermal circulation zone are the same in medium-
grained soils with reduced permeability, and in coarse-grained soils of unhindered 
drainage, in arid as well as in temperate climates (Fig. 10), even in arctic thawing 
zones (Fig. 11), then one may justifiably doubt the primary influence of moisture 
stratification. With regard to this question, also, further investigations are needed. 
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Purely theoretically, other primary stratifications could be assumed which bring 
about stratification of the zones of thermal circulation and moisture content, e. g., a 
different primary electric potential in the upper and lower horizons. In this area, too, 
more experimental data are needed. However, it is not very probable that a primary 
electric potential governs soil moisture behavior since the available evidence shows a 
secondary dependence of the electric soil potential upon moisture content and surface 
area. 

2. Instead of being a consequence of a preformed stratification, the constant thick-
ness of the zone of daily heat circulation could be the combined result of thermal im-
pulses and soil dynamic response. The general uniformity of this phenomenon is ob-
served only on soils which, at least at the start of their development, possess a large 
pore space and hence a large air content. It is, therefore, easy to suspect that the 
soil air may play a determinant role because of its great mobility and its tendency to 
flow in response to even small temperature gradients. Many soils have a pore space 
of 30 to 60 percent, the largest part of which is occupied by air. Even though the in-
terconnection between soil pores is often imperfect, and free interchange of soil air is 
often obstructed, air is still the most mobile phase in a soil. There exists, therefore, 
the possibility that a primary zone of daily air circulation and of consequently increased 
evaporation in the upper soil is responsible for the formation of the thermally active 
upper zone. This concept is supportedby the observation that the special characteris-
tics of the daily temperature wave on the south slope are most sharply accentuated 
during the driest season, i. e., at a time when the soil air dominates the behavior of 
the upper soil horizon.. 	 . 

Although a number of other questions arise at this stage, we may propose as a 
working hypothesis that, in porous soils, a thermally active upper zone is formed at 
conditions of positive heat balance and that the depth of this zone corresponds with 
that of the 'daily air circulation. An important question in this connection is whether 
rhythmic air pressure variations—as in the daily double air pressure wave—are play-
ing a role in this phenomenon. 

Such a primary role of the air circulation could account for the widespread con-
stancy of the thickness of the thermally active upper zone and its lack of dependence 
on the magnitude of the thermal impulses received at the surface. An air circulation 
zone established at a positive heat balance, and of generally similar dimensions, would 
explain many facts in the simplest manner; the sharp bend of the tautochrones at the 
boundary would then correspond to the division line between the penetration of the dy-
namic portion of the daily wave, which is strongly accentuated by the air circulation, 
and the much weaker "linear" continuation of the daily wave into the subsoil, which is 
mainly a function of the thermal conductivity of the solid and liquid phases of the soil. 

All this, however, must remain in the nature of a general discussion until more 
experimental data have been obtained and properly evaluated. The importance of soil 
thermal behavior should, however, be clearly established even though many factors 
and relationships are still unknown (see Winterkorn, 23). 

Question 2 

The second question, "How does the circulation zone affect pedogenesis?" can be 
answered thus: 

1. In the entire thermally active zone, there is great activation of the soil biologic 
potential if permitted by the other environmental factors. This is shown by the dis-
tribution of heavy minerals of volcanic origin, which in relatively recent time were 
wind-deposited on the Roman limes in southwest Germany. Today these minerals are 
uniformly distributed in the approximately 40-cm thick upper soil horizon of the "Para-
braunerde" that has formed on this artificial embankment since the time of the Romans 
(5). This means that the thermal circulation zone is also a zone of "bioturbation" in 
which the edaphon is so active that, with time, the entire zone becomes completely 
mixed up through the action of soil-burrowing animals, especially rain worms. This 
is also a zone of intense root development. In many raw soils, this biologically active 
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zone is distinguished from the underlying zone by its stronger root formation. The 
thermally more passive lower zone shows comparatively little life. Its boundary is 
often characterized by illuviation and cementation, as reported previously. 

If the circulation zone of the estival daily heat wave also represents a zone of 
bioturbation in the soil, then it is easy to understand why thin allochthone surface 
layers often have a thickness of about 40 cm. Within the range of bioturbation, thin 
covering strata that possess an original thickness of perhaps 20 to 30 cm become 
mixed with material from the layers underneath and with newly formed organic matter. 
The zone of bioturbation, with its larger internal surface and finer structure, de-
velops, with time, a distinct boundary against the underlying material. Because of 
the allochthone admixtures, the entire zone of bioturbation is then considered as an 
allochthone cover stratum. However, sedimentation and mineralogic analysis of the 
finer grain size materials almost always shows components from the substrate. 

A soil genetic translocation process such as lessivation is, in undisturbed soils, 
restricted to the zone of thermal circulation and bioturbation. The internal surfaces 
of soils rich in colloidal materials undergo strong reactions within the thermally ac-
tive zone of the upper soil layer. Biogenic comminution, temperature and moisture 
changes, and loss of bases favor decomposition of the soil colloids, while conserva-
tive tendencies prevail in the thermally passive lower layers. If this concept is cor-
rect, then elutriation of mobile soil colloids does not take place progressively from 
the surface down, but more or less simultaneously from the thermally active and bi-
ologically activated zone. Deposition in the thermally passive, low-porosity subsoil 
takes place along the narrowing seepage paths. 

In southwest Germany hundreds and thousands of years are required for the forma-
tion of distinct soil profiles by these processes. A morphologic differentiation, but 
without translocation of clay, can be observed at a depth of about 40 cm on an embank-
ment built of bess loam (the "Eppinger Linien") in 1695-1697, in the wine cultivation 
climate of North Württemberg. This can probably be considered as a structural 
boundary that is due to bioturbation. A "Parabraunerde," with clay translocation, was 
developed in the same climate on the Upper German limes, built of bess soil in the 
second century A. D. to denote the borders of the Roman Empire. The characteristic 
boundary between upper and lower soil horizon is at 40 cm depth. Obviously much 
time is required before the weak daily temperature wave, acting through many dif-
ferent processes, can produce visible proof of its role in soil genesis. 

REFERENCES 

Anlitzky, H. Die Bodentemperaturverhithisse an einer zentralalpinen Hanglage 
beiderseits der Waldgrenze, Teil U-Ill. Archiv f. Meteorologie, Geophysik 
.und Bioklimatologie, Serie B, Bd. 11, 1961. 

BUdel, J. Die Abtragungsvorgänge auf Spitzbergen im Umkreis der Barentsinsel. 
22. Deutscher Geographentag Köln 1961, Tagungsberichte u. wissenschaftliche 
Abhandlungen, p. 337-375, Verb. Franz Steiner, Wiesbaden, 1962. 

Chudnovskii, A. F. Heat Transfer in the Soil. Translated from Russian. Israel 
Program for Scientific Translations, Jerusalem, 1962. 

Duchaufour, Ph. Precis de Pdobogie, Paris, 1960. 
Diirr, F. Vulkanische Schwerminerale in Bodenprofilen Wiirttembergs. Neues 

Jahrb. f. Geologie, Paläontologie, Mh. 111, p.  465-472, Stuttgart, 1953. 
Geiger, R. Das Klima der bodennahen Luftschicht. Vieweg u. Sohn, Braunsch-

weig, 1961. 
Heigel, K. Uber den Einfluss von Exposition und Bewuchs auf die Erdbodentem-

peraturen. Mitt. des Deutschen Wetterdienstes, Nr. 22, Bd. 3, Offenbach/ 
Main, 1960. 

6. 

	

	Junghans, H. Zur Tempe raturmes sung in verschiedenen Bodenarten. Angewancite 
Meteorobogie, Bd. 4, 1960-64, Heft 3, Okt. 1961. 

9. Miickenhausen, E. Entstehung, Eigenschaften und Systematik der Böden der 
Bundesrepublilc Deutschland. DLG-Verlag, Frankfurt/Main, 1962. 



65 

MUller, S. Die Unterscheidung echter Bodenhorizonte und geologischer Schichtung 
in Bodenprofilen NordwUrttembergs. Neues Jahrb. 1. Geologie, Palãntologie, 
Mh. 12, P.  545-550, Stuttgart, 1952. 

MUller, S. Thermische Sprungschichtenbildung als differenzierender Faktor im 
Bodenprofil. Zschr. Pflanzenernährung, DUngung, Bodenkunde 109. Bd. H. 1, 
S. 26-34, Weinheim, 1965. 

Muller, S. Lessivierung in Abhängigkeit vom Kleinklima. Mittlg. der Dt. Boden-
kundlichen Gesellschaft, Bd. 4, S. 65-70, Göttingen, 1965. 

Muller, S., Schlenker, G., and Werner, J. Südwestdeutsche Waldböden im 
Farbbild. Schriftenreihe der Landesforstverwaltung Baden-Württemberg, 
Bd. 23, Stuttgart, 1967. 

Plass, W. Braunerden und Parabraunerden in Nordhessen. Zschr. Pflanzener-
nährung, DUngung, Bodenkunde 114, Bd. H 1, p. 12-26, Weinheim, 1966. 

Schäffer-Schachtschabel. Lehrbuch der Bodenkunde. Ver. F. Enke, Stuttgart, 
6. Aufl., 1966. 

Siegenthaler, J. Die Bodentemperaturen in Abhängigkeit von äusseren meteo-
rologischen Faktoren. Gerlands Beiträge zur Geophysik, Bd. 40; 1933. 

Soil Survey Staff. Soil Classification. A Comprehensive System. 7th Approxi-
mation. Soil Conservation Service, U.S. Dept. Agric. U. S. Govt. Print. Off., 
Washington, 1960. 

Werner, J. GrundzUge einer regionalen Bodenkunde des siidwestdeutschen Al-
penvorlands. Schriftenreihe der Landesforstverwaltung Baden-WUrttemberg, 
Bd. 17, Stuttgart, 1964. 

Vujevic, P. Uber die Bodentemperaturen in Beigrad. Meteorologische Zeit-
schrift 28, H. 7, p.  289-301, Braunschweig, 1911. 

Weyl, R. Schwermineraluntersucliungen an Böden des wUrttembergischen Unter-
landes. Neues Jahrb. f. Geologie, Paläontologie, Mh. 11, p.  482-499, Stutt-
gart, 1952. 

Wetterdienst. Monatlicher Witterungsbericht für Baden. Herausgegeben vom 
Deutschen Wetterdienst, Wetteramt Freiburg. 

Winterkorn, H. F., and Eyring, H. Temperature Conditions in the Surface 
Layer of the Earth. Appendix to Theoretical Aspects of Water Accumulation 
in Cohesive Subgrade Soils. HRB Proc., Vol. 25, p. 422-434, 1945. 

Winterkorn, H. F. Behavior of Moist Soil in a Thermal Energy Field. Clays 
and Clay Minerals, Vol. 9, p.  85-108, Pergamon Press, 1962. 



Thermo-Osmotic and Thermoelectric 
Coupling in Saturated Soils 
DONALD H. GRAY, Department of Civil Engineering, The University of Michigan 

Thermally induced flows of moisture and electricity in satu-
rated clays were measured experimentally as the water con-
tent, exchange capacity, and pore-water electrolyte concen-
tration were systematically varied. Prior work on thermo-
osmosis in soils is reviewed, and possible coupling mechanisms 
are discussed in the light of new experimental results. 

The clay-water systems studied exhibited characteristic 
thermoelectric and thermo-osmotic effects. Measureable cur-
rents on the order of 1 to 10 microamperes per degC per cm 
were detected, with the warmer side having the more positive 
polarity. The thermoelectric current increased consistently 
with increasing water content, exchange capacity, or electrolyte 
concentration in the pore water. 

Thermo-osmotic pressures on the order of a few tenths of 
a centimeter of water per degree Centigrade were measured 
with net flow occurring to either the warm or cold side. The 
peculiar temperature -dependence of activity coefficients of 
electrolytes in the pore water is suggested as a possible ex - 
planation for a given direction of moisture flow. Thermal con-
tributions to moisture movement in saturated soils are minor 
compared to thermal moisture flow in partially saturated media. 

'NORMALLY, we are accustomed to thinking strictly in terms of conjugate force-flux 
phenomena, i. e., a hydraulic gradient producing only a flow of water, an electric field 
producing only a flow of current, and so on. These conjugate force-flux relationships 
are described by well-known phenomenologic laws such as Darcy's, Ohm's, Fourier's, 
and Fick's. Coupling effects, on the other hand, arise when a driving force of one kind 
(e. g., a temperature gradient) produces a flow of another (e. g., an electruc current). 

The present paper deals only with thermal coupling in clay-water systems. Results 
of electrokinetic studies and more general aspects of coupled flow phenomena in soils 
are described elsewhere by Gray and Mitchell (7), Gray (8) and Winterkorn (25). 

Thermo-osmosis, a thermally induced flow of moisture in porous media, can occur 
under natural conditions. This phenomenon has attracted the attention of soil scientists 
because of its possible contribution to the net transfer of soil water and nutrients. To 
a lesser extent, thermo-osmosis has also been of interest to engineers because of its 
suspected role in problems dealing with frost heaving and moisture accumulation under 
pavements. 

The engineering significance of thermoelectric coupling in soils is less apparent. 
It may be important in problems pertaining to corrosion of underground pipes carrying 
fluids at temperatures far above or below ground temperature. The existence of 
thermoelectric coupling in soils is yet another example of the extent of interaction 
that can occur between flows of moisture, heat, dissolved salts, and electric current 
in the ground. 

The precise nature of thermo-osmotic flow is still not well understood. Several 
different transfer mechanisms have been proposed. Most of the research, both theo-
retical and experimental, has focused on inert, partly saturated systems where vapor 
phase transfer plays an important part. The nature of the thermo-osmotic process 
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becomes more complicated when the porous medium itself is charged or the permeant 
is an electrolyte. Thermal gradients then give rise to secondary electrical effects 
that should be taken into account. 

The present paper presents results of thermo-osmosis tests with saturated, clay-
water systems in which the direction of flow was contrary to results usually reported 
in the literature. Various hypotheses that have been used to explain the nature of 
thermo-osmotic flow are briefly reviewed. A new hypothesis is tentatively advanced 
to explain the experimental results of the study. 

REVIEW OF PAST WORK 

Thermo-Osmosis 

In reviewing both the past work on thermo-osmosis and the results of the present 
study it is essential to keep in mind some important distinctions. In the first place, it 
is necessary to consider whether the system is inert (i. e., uncharged) and whether 
only single-component flow of matter (e. g., pure water) occurs. Charged membranes 
or clayey soils saturated with electrolyte solution do not meet these criteria. In addi-
tion, it is necessary to distinguish between partially and fully saturated systems. In 
the former, thermo-osmotic flow may occur in both the vapor and liquid phase. 

Thermo-osmosis across inert membranes has been investigated extensively by 
Haas and Steinert (10) and to a lesser extent by Rastogi et al (17) and Corey and Kemper 
(4). Cellophane, an Unert membrane with a very small pore size (from 5 to 20 A), was 
used in these studies. Significant thermo-osmotic flows from hot to cold were detected 
in cellophane membranes, the effect becoming more pronounced as the average pore 
size was reduced. Rastogi observed a linear relationship between temperature grad-
ient and osmotic flow; however, the magnitude of this flow also varied with the mean 
temperature in the membrane. 

Carr and Soliner (2) studied thermo-osmosis across charged membranes. They 
reported that the rate of thermo-osmotic flow varied in proportion to the temperature 
difference (as observed by other investigators), but in this case the proportionality 
factor depended strongly on the electrolyte concentration of the outer solution. A 
typical plot of thermally induced flow rate against the logarithm of the concentration 
gave a bell-shaped curve as shown in Figure 1. They concluded, therefore, that thermo-
osmosis with electrolyte solutions is an electrochemical phenomenon and is related to 
electro-osmosis. 

In 1965, Kobatake and Fujita gave a theoretical account of Carr and Soliner's earlier 
experimental findings. They likewise concluded that thermo-osmotic flow in a charged 
membrane-electrolyte system is caused by an electrical field set up in the membrane 
by the applied thermal gradient. Furthermore, they argued that the dependence* of 
the electro-osmotic coefficient on the electrolyte concentration of the outer solution 
also explains the characteristic behavior of thermo-osrnois in charged membranes. 

Thermo-osmosis has been studied extensively in p-i'tially saturated soils by 
Bouyoucos (1), Smith (18), Gowda et al (6), Gurr et al (5), Taylor et al (20, 22), and 
Philip and dVries (16)7. Although thermally induced flow of moisture in the vapor 
phase (from warmer to cooler areas) is widely believed to be the dominant transfer 
mechanism, film flow in the liquid phase cannot be ruled out (Winterkorn, 23). 

Vapor phase transport is believed to result mainly from a molecular diffusion pro-
cess. Convection also plays a minor role as shown by Taylor and Cavazza  (20). 
Moisture tends to evaporate at the warmer side and condense at the colder side, thus 
maintaining a vapor pressure gradient. 

*The electro-osmotic transport coefficient (i.e., the amount of water transferred per unit charge) 
also depends on the fixed membrane charge as described by Gray (8). 
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Transport in the liquid phase, either in thin films or small capillaries, is more 
complex. Cary (3) has suggested four possible mechanisms: 

Thermally induced surface tension gradients or differences in soil moisture 
suction; 

Differences between specific heat content of adsorbed water on solid surfaces 
and the bulk liquid in the pores; 

Random kinetic energy changes associated with hydrogen bond distributions 
that develop in thermal gradients; and 

Thermally induced osmotic or electro-osmotic gradients. 

Thermo-osmosis in saturated soils has received only limited attention. The trans-
fer mechanism in this case is poorly understood. Vapor phase transport must be 
ruled out, and, since there are no air-water interfaces, surface tension gradients can 
also be eliminated as a possible transfer mechanism. 

Taylor and Cary (21) investigated thermo-osmosis in a saturated Millville silt loam, 
and Habib and Soeirol9) in a saturated Orly silt. The results of the latter investigation 
are shown in Figure 2. Both studies report a flow of water from the higher toward the 
lower temperature. Habib and Soeiro reported that water movement was greatly ampli-
fied when electrolytes were mixed with the soil. Hans and Steinert (10) also reported 
a large increase in thermo-osmosis when a charged membrane was insertedadjacent to 
and in series with an inert cellophane membrane. 

Cary (3) tabulated available data on the magnitude of thermally induced moisture 
flow in pdi'ous media. His summary included both artificial membranes and soils in 
various states of saturation. He was able to compare the effects of various parameters 
such as mean temperature, hydraulic conductivity, and initial moisture content. Cary's 
summary is reproduced in Table 1. All thermal moisture flows reported in Table 1 
were from warm to cool. 	 - 

The data in Table 1 show that thermal moisture flow is far greater in partially 
saturated as opposed to fully saturated soils. In unsaturated soils the relative im-
portance of thermally induced flow rises rapidly as the moisture content decreases. 
Compared with moisture flow under hydraulic gradient, thermal moisture flow becomes 
relatively more important as the hydraulic conductivity decreases. In saturated media 
the thermo-osmotic pressure tends to increase with increasing mean temperature. 
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TABLE 1 

COMPARISONS OF MOISTURE FLOW DUE TO THERMAL GRADIENTS IN VARIOUS POROUS MATERIALSa 

Type of Porous Material 

Thermal 

H20/d/ 
°C/cm 

cm H2 0 
Head Equiv. 

Gradient 
Tenlper 

ature Flowing 

Phase of 
Flow 

Sintered glass, 	10 A 
mean pore diameter Saturated 0 0 25 Distilled water Liquid 

Du Pont 600 cellophane Saturated 0.1 - 40 Double-distilled Liquid 
water 

Cellulose acetate, 27 A 
mean pore diameter Saturated - 7.0 20 Distilled water Liquid 

Miilipore filter, 100 A 
mean pore diameter Saturated - 0.09 20 Distilled water Liquid 

Wyoming bentonite 
paste, 18 percent Saturated 0.1 4.0 35 0. 1 N NaCl Liquid 

Yolo loam soil, 	B = 1.4 0.06 2.0 5.5 35 0. 01 N CaSO, Liquid + vapor 
Houston black clay 0.66 0.7 - 38 Distilled water Liquid + vapor 
Houston black clay 1.4 0.8 - 37 Distilled water Liquid + vapor 
MilIville silt loam, 

B = 1.5 Saturated - 0.07 25 Water Liquid 
Millville silt loam 2.2 - 1.4 5 	10' 25 Water Vapor + liquid 
Millvile silt loam 126 - 8.3 5  10 25 Water Vapor 
Columbia loam, 	B = 1.2 0.07 1.8 3 19 Distilled water 20 percent vapor, 

80 percent liquid 
Columbia loam, 	B = 1.2 0.24 0.9 13 8 Distilled water 33 percent vapor, 

67 percent liquid 
Columbia loam, 	B = 1.2 0.24 2.0 14 33 Distilled water 55 percent vapor, 

45 percent liquid 
Columbia loam, 	B = 1.2 0.45 1.6 250 25 Distilled water Vapor + liquid 
Stable air 100 percent 0.4 8 x 10 27 Distilled water vapor 

porosity 

°Fron, Cory () 

Thermoelectric Coupling 

Electrical effects associated with thermal osmosis-particularly in charged mem-
branes containing electrolytes -have probably not been fully appreciated. In unsaturated 
soils the electrical influence on thermo-osmosis can perhaps be disregarded because 
of the dominant role of vapor phase transfer. In saturated media, on the other hand, 
electrical effects become important in characterizing thermo-osmosis. Even Aubert 
in his early work concluded that thermo-osmosis was electrical in its origin and was 
related to electro-osmosis. 

Thermoelectric membrane potentials are difficult to isolate because the measured 
emf's include electrode potentials that must be evaluated and taken into account. Never-
theless, thermoelectric potentials on the order of 0.05 mv/deg C have been reported by 
Ikeda (12) for dilute KC1 solutions and a cation selective collodion membrane. The 
warmeiside had the more positive potential. Thermoelectric potentials with a typical 
value of 0.3 mv/deg C for sandstones and shales have been reported by Madden and 
Marshall (15). They did not give the polarity of the potentials. 

Simultaous measurement of induced electrical current during thermo-osmosis 
has been carried out by Gowda et al (6) in clay soils and by Taylor and Cary (21) and 
Habib and Soeiro (9) in a silt loam. They detected small currents (generally decreas-
ing with time) on the order of 1 to 5 microamps. Taylor reported a current flow from 
cold to warm; however, there was considerable fluctuation in the induced electrical 
current and potential indicating instability in the electrodes (brass screens) and the 
electrical properties of the system. Habib and Soeiro do not give the polarity of their 
measured currents; they furthermore dismiss the electric current as an electrode 
phenomenon. Neither of these latter investigators made provisions for the use of re-
versible electrodes nor were the test conditions well-suited for the detection and 
evaluation of electrical effects. 
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APPLICATION OF IRREVERSIBLE 
THERMODYNAMICS TO THERMAL COUPLING 

As Winterkorn pointed out (25), the theory of irreversible or non-equilibrium thermo-
dynamics is a convenient means of analyzing the simultaneous flows of water, heat, salts, 
and electric current in porous media. A detailed account illustrating practical applica-
tions of the theàry has been given by Katchalsky (13) and Taylor (19).. 

Taylor. and Cary (22) outlined a theoretical analysis based on the thermodynamics of 
irreversible processes for evaluating coupled flows of heat and water in continuous soil 
systems. Taylor (19) also derived the following phenomenologic equation for describing 
the simultaneous transfer of water and heat across a discontinuous system, viz., an in-
ert membrane or porous soil plug: 

(1) LwwVw L AT 
wq  

T. 

AT 	 (2) Jq  = Lqwvw  AP + Lqq  -;p 

where 
'1w' Jq = the net fluxes of water and heat respectively; 

AP = hydraulic pressure drop across the porous plug; 

T = the absolute temperature; 

Lwwi Lqq  = direct transfer coefficients, e. g., the hydraulic and 
Fourier heat conduction coefficients respectively; and 

Lwq' Lqw = coupled transfer coefficients. 

The following assumptions were made in the derivation of these equations: 

There is only single-component flow of matter, viz., pure water. 
The system is inert and no chemical reactions occur within it. 

3. External force fields are absent or cancel out. 
The system is never too far from equilibrium, i.e., Aqw <<RT and AT <<T. 

Linearity exists between forces and fluxes. 

The derived equations are in finite difference form, i. e., they have been integrated 
over the thickness of the membrane or-porous soil plug. This is not as rigorous a 
formulation as it is when the phenomenologic equations are left in differential form. 
In this latter case, the driving forces are usually expressed as gradients and the flows 
are defined only locally ata point within the system (Taylor and Cary, 22). The finite 
difference form is probably more useful for experimental purposes. It assumes, 
however, that suitable "averages" can be found for the coefficients, Lik, and the tem-
perature, T, within, the temperature interval, AT, of interest. 

Equation 1 states that the net flux of water is the sum of two transfer processes 
that can occur simultaneously. The first is the flow of water that is controlled by the 
pressure difference, AP, and the hydraulic conductivity of the soil; the second is the 
flow of water that is induced by a temperature difference, AT. 

These equations are in fact specific cases of a general relationship in irreversible 
thermodynamics, viz., the allowable superposition of contributions to a given flux from 
both conjugated and non-conjugated driving forces alike. The principle of linear super-
position and the force-flux relationships are expressed in mathematical shorthand by 

=
LjkXk (i,k= 1,2,3,... n) 	• 	 (3) 
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where the J1  and Xk  are generalized fluxes and forces respectively and the Ljk  are the 
phenomenologic transport coefficients previously defined. 

When an external temperature gradient is applied across a soil plug the system 
eventually tends toward a steady-state condition. If a counter osmotic pressure is 
allowed to build up in response to a thermally induced flow of water, the net flux of 
water will vanish at the steady state, i. e., Jw  = 0. Under these boundary conditions 
Eq. 1 may be written as 

	

AT. =• 
Lq =• 
	

0 	
(4) 

\ £T/Jw=0 LWWVWT VwT 

where Q* is the so-called heat of transfer. Equation 4 indicates that the excess of 
pressure (the thermo-osmotic pressure) that will build up on the hot (or cold) side of 
a system in response to a unit temperature difference, A P/ST, depends on the heat of 
transfer, Q*, the specific volume of water, V, and the average temperature of the 
system, T. The heat of transfer in turn is a function of the physical properties of a 
membrane or porous plug. In general, Q* increases with decreasing pore size and 
increasing temperature. 

At present there are no a priori grounds for predicting the sign of Q* in saturated 
systems, i. e., which direction the thermally induced flow of water will take. The 
exact mechanism of coupling between matter and heat flows is not well understood. In 
unsaturated systems a net flow of water to the cold side has always been observed. 
This is understandable because of the dominant role of vapor phase transport that 
occurs towards the cold side. In experiments with saturated systems using cellophane 
(Hans and Steinert, 10), silty soils (Taylor and Cary, 21, and Habib and Soeiro, 9), and 
charged membranesTCarr and Sollner, 2), a flow of water to the cold side has always 
been reported. 	 0 	 0 

One of the purposes of the present study was to determine not only the magnitude of 
thermo-osmotic coupling in saturated clay -water -electrolyte systems but also the di-
rection. A clay-water system is much more complex because one is no longer dealing 
with an inert, single-component system (an assumption contained in Eqs. 1, 2, and 4). 
Applied thermal gradients will now give rise to thermoelectric and secondary electro-
osmotic effects. The possibility of thermally induced osmotic gradients deserves 
careful consideration. 

In this regard it is useful to keep in mind that temperature affects the activity 
coefficients of dissolved salts or ions in the pore water, and this in turn affects the 
chemical potential of water. The standard expression for the chemical potential of 
a species, "i", in terms of its activity is given by 

	

u=4+RTlnai 
0 	 (5) 

and the relationship between chemical potential of a dissolved solute, As, and that of 
its solvent (water), pw, is given by a form of the GibbsDuhem  equation, 

ns  

	

dI1,=—-dzs 	 •(6) 

where Wi  = chemical potential of species i, 
ai = activity potentialofspecies'i, 
ni  = number of moles of species i, 
R = molar gas constant, and 
T = absolute temperature. 

Assuming the number of moles of solute and solvent are fixed, their chemical po-
tentials are exactly inversely related. Thus, an increase in solute activity due to 
temperature will produce an increase in solute chemical potential and a corresponding 
deCrease in solvent (water) chemical potential. The dependence of solute activity on 
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temperature (and concentration) has been 
measured by Harned and Owen (11). Typical 
response curves for sodium chloride are 
shown in Figure 3. 

EXPERIMENTAL PROCEDURE 

Thermal coupling experiments were run 
in conjunction with electrokinetic experiments; 
the latter are described elsewhere (Gray and 
Mitchell, 7). The effects of a systematic 
variation in water content, exchange capacity, 
and external electrolyte concentration on 
thermal coupling were investigated. Other 
variables, such as the type of counterion and 
the degree of saturation, were held constant 
by restricting the investigation to fully satu-
rated, sodium clays. A detailed account of 
the experimental procedure has been given 
(8); salient features are summarized in the 
following. 

Materials and Apparatus 

types of material: a pure kaolinite (Hydrite 
UF), an illitic clay (Grundite), and an artificial 
silty-clay comprised of equal parts by weight 
of kaolinite and silica flour. 

The clays were made as nearly honioionic 
to sodium ion as possible by washing batches 
of clay in concentrated solutions of sodium 
chloride. The excess salt was then removed 
by leaching the clays with distilled water. 

0 	20 	40 	60 	80 	100 The clays were subsequently dried in an oven 

TEMPER T 	
at 230 F, lightly pulverized, and stored in 

A URE- C 	
sealed jars for further use. Weighed amounts 

Figure 3. Mean activity coefficient of sodium 	of each clay were later mixed with the de- 
chloride in 0.1 to 4.0 molal solutions as a 	sired electrolyte solution into thick slurries 
function of temperature (after Harned and 	prior to their introduction into a specially 

Owen, 11). 	 constructed flow cell. 
The flow cell itself was designed so that 

known thermal, electrical, and hydraulic 
pressure gradients could be applied across the clay samples. Provisions were made 
to monitor the flows of electricity and water (or solution) that resulted from the appli-
cation of any one of these gradients. The flow cell was bounded at two ends with re-
tractable pistons, each with a recessed porous stone and electrode in its face. By 
placing the flow cell assembly in a loading frame it was possible to reduce the water 
content to any predetermined level. A schematic diagram of the flow cell and test 
layout is shown in Figure 4. 

Thermo-Osmotic and Thermoelectric Tests 

Internal heating and cooling coils were installed in the piston heads in order to 
establish a temperature gradient across the clay sample for thermal coupling tests. 
The heating and cooling coils in turn were connected to external constant temperature 
circulators. Temperatures were monitored with thermistor probes and a digital 
thermometer. The flow cell and test equipment were kept in a constant-temperature 
room maintained at 20 C. 

z 	 Exnerimental data were nhtIinpd on fhre 
4 
Ui 
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Figure 4. Schematic diagram of flow cell and test layout. 

Thermo-osmotic pressures were measured in lieu of osmotic flow rates; this pro-
cedure was adopted for experimental convenience. The standard procedure was to 
apply a temperature gradient across a clay sample and observe the buildup in pressure 
as indicated by the rise or drop of water level in standpipes on either side. The ends 
of the clay plug were electrically short-circuited through an ammeter and the induced 
thermoelectric current recorded concurrently with the thermo-osmotic pressure. 
Reversible silver-silver chloride electrodes were used to measure the current; chlo-
ride solutions were used as the permeant in all tests. 

Upon applying a temperature gradient, the water level quickly rose in the standpipes 
because of an initial thermometric expansion, but the two levels equalized because the 
standpipes were connected by an open bypass valve. Periodic temperature readings 
were taken to determine how quickly the system approached a steady-state distribution. 
Five hours proved to be an adequate time interval for temperature stabilization. 

At the end of five hours, the bypass valve was closed and a temperature-induced 
pressure difference could develop across the clay plug. The pressure difference was 
directly proportional to the difference in water level in the two standpipes. The levels 
were read with the aid of a cathetometer. Periodic readings of the pressure difference 
were taken until an equilibrium pressure was reached. This was taken as the steady-
state condition at which the volume flow vanishes, Jv  = 0. The pressure difference at 
this point was the thermo-osmotic pressure of interest. 

Simultaneous readings of the thermoelectric current were also taken. A continuous 
and characteristic plot of current vs time for each clay-water system was obtained in 
this manner. 

RESULTS 

A typical thermo-osmotic pressure buildup curve for kaolinite is shown in Figure 5. 
A gradient of approximately 1 C/cm and a mean temperature of about 26 C were com-
mon to all tests. Steady-state thermo-osmotic pressures are shown plotted vs water 
content in Figure 6 for the various clay -water -electrolyte systems. Except in two 
instances, the pressure rise always occurred at the hot side. 

Typical thermoelectric behavior of the clay-water systems is shown in Figures 7 
and 8. The induced thermoelectric current is shown plotted as a function of time for 
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Figure 8. Comparison of thermoelectric curve envelopes for three clays. 

various water contents and pore-water electrolyte concentrations in Figure 7. The 
electric current flow was always from hot to cold, i. e., the hot side had the more 
positive polarity. The current tended to increase as either the salinity of the saturat-
ing solution or the water content was increased. A comparison of the thermoelectric 
behavior of the three clay systems is shown by a plot of thermoelectric curve enve-
lopes in Figure 8. For a given saturating solution and temperature gradient, the 
thermoelectric current increased with increasing exchange capacity of the clay. 

The initial buildup in current shown in Figures 7 and 8, which reached a peak after 
one or two hours, is partly a streaming current effect caused by thermometric ex-
pansion and expulsion of water from the voids. This could be verified by noting an almost 
identical response (but with opposite polarity) when the sample was allowed to return 
to thermal equilibrium. 
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DISCUSSION AND CONCLUSIONS 

Thermo-osmotic flow in saturated, clay-water systems is comparable in magnitude 
but opposite in direction to results reported by other investigators (see Table 1). 

The polarity of the thermoelectric current in a clay-water system agrees with that 
observed by Ikeda (12) for a negatively charged, collodion membrane. While electrode 
potentials may have contributed to the induced current in the former, they cannot ex-
plain the systematic variation in thermoelectric current with exchange capacity, water 
content, and concentration of external electrolyte as shown in Figures 7 and 8. 

A possible explanation for the direction of thermo-osmotic flow as reported herein 
may lie with the peculiar dependence of activity coefficients on both temperature and 
concentration shown in Figure 3. A difference in activity coefficient of solvent (or 
solute) between the warm and cold sides of a porous medium produces a difference in 
chemical potential. This means that a flow of solvent or salt must then occur to 
equalize this imbalance. The results in Figure 3 are for bulk electrolyte solutions; 
to test out the hypothesis further it would be necessary to determine activity coeffi-
cients for soil water electrolytes over a range of concentrations and temperatures. 
The concentrations shown in Figure 3 lie within the range of counterion concentrations 
one might expect in the interstitial water of a charged, porous medium such as a clay 
soil. 

The preceding explanation assumes that thermally induced osmotic gradients are 
the dominant transfer mechanism in saturated, charged membrane systems. If secon-
dary electro-osmotic effects are the cause, then a positive polarity is required at the 
cold side to produce a flow to the hot; however, the reverse was observed in the present 
study. Thus, an electro-osmotic explanation is apparently ruled out. 

The results of this study confirm earlier investigations in suggesting that the rela-
tive magnitudes of thermally induced moisture flows are not particularly significant in 
saturated soils. The same is not true, it should be emphasized, in the case of partially 
saturated soils. 
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The Physics and Chemistry of ,  Frozen Soils 
PIETER HOEKSTRA, U. S. Army Terrestrial Sciences Center, Hanover, 

New Hampshire 	 ' 

The engineering properties of frozen soils—strength, thermal 
conductivity, dielectric constant, and electrical conductivity—
are affected by the phase composition of water in soil i. e., the 
ratio of unfrozen water to ice. The main factors determining 
the amount of unfrozen water are temperature, surface area, 
and salt content; minor factors are mineralogical composition, 
structure, and pressure. The amount of unfrozen water in 
frozen soils as a function of temperature and pressure can be 
calculated, using a thermodynamic treatment, for clays from 
swelling pressure data, and for granular soils from moisture 
characteristic curves at room temperature. The calculated 
data show good agreement with experimental data. 

The unfrozen film conducts water and ions under the influence 
of temperature gradients, electrical gradients, and external 
pressure differences. The rate of migration depends on the 
surface area and the thickness of the film of unfrozen water. 
Since the thickness of the film decreases with decreasing tem-
perature, the rate of migration of water through frozen soils 
rapidly increases as the freezing point is approached. 

'THE ENGINEERING behavior of soils is strongly influenced by the interaction of mineral 
material with water, and the effect of naturally encountered temperatures must invari-
ably be assigned to changes caused by temperature in the interaction of water with the 
mineral surface or to changes in the properties of water itself. In unfrozen soils the 
force systems that act on the water are capillarity and adsorption. The forces of 
capillarity arise from the surface tension at air-water interfaces, and the temperature 
effect will be proportional to the change in surface tension. For water, the surface 
tension changes from 75.6 dynes/cm at 0 C to 71.97 clynes/cm at 25 C. The effect of 
temperature on adsorption forces is more difficult to analyze. One model for physical 
adsorption on negatively charged surfaces that has been proposed is the theory of the 
diffuse electric double layer. Differentiating expressions resulting from this model 
with respect to temperature would be a refinement not warranted by the present ac-
curacy of the model. In general, the effect of temperature on the value of engineering 
properties of unfrozen soils is neglected in practice. 

In frozen ground the effect of temperature, particularly in the range of 
naturally encountered temperatures, is very large.' The reason is that temperature 
changes not only the interaction of water with soil, but also the ratio of the amount of 
liquid water to ice. The effect of temperature in' frozen ground is similar to the com-
bined effect of change in water content and temperature in unfrozen ground. The paper 
reviews recent work on the phase composition of water in frozen ground and its im-
portance to engineering properties.  

PHASE COMPOSITION OF FROZEN SOILS 

In a frozen soil, unfrozen adsorbed water can exist in equilibrium with ice over a 
large temperature range below freezing. The adsorbed water freezes gradually as 
the temperature is lowered, decreasing the thickness of the unfrozen film. The ice 
phase at each temperature is in equilibrium with"an unfrozen water layer whose proper-
ties are constantly changing as the temperature is lowered. The reason for the large 
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freezing point depression of the unfrozen water is the presence of exchangeable ions, 
which are concentrated in thin films upon freezing, and specific adsorption forces ema-
nating from a charged surface. 

Figure 1 shows how the liquid water content might change in a soil column in which 
the temperature changes with distance. At temperatures above freezing all water is in 
the form of liquid water. At some temperature just below 0 C ice forms and only a 
certain amount of unfrozen water remains in the liquid form. By lowering the tempera-
ture further the amount of unfrozen water is reduced as more water freezes to ice. 

Since the unfrozen liquid water is in equilibrium with the ice at any particular tem-
perature and pressure, equilibrium thermodynamics is particularly well-suited to re-
lating physical measurements on soils at above-freezing temperature, such as swelling 
pressure and soil water tension, to the amount of unfrozen water. Thermodynamic re-
lations only apply to the particular soil under consideration, and cannot be used to pre-
dict changes between different soil systems. The important soil parameters are sur-
face area and temperature. Minor variations are caused by such parameters as min-
eralogical composition and kind of exchangeable ions. In Figure 2 the unfrozen water 
content is given as a function of temperature for several soils. 

The thermodynamic relationships for soils at or below the freezing point are well 
understood (13, 14). The physical argument is as follows: The unfrozen water exists 
in the presence of ice, and the two phases of water are in a stable equilibrium. The 
partial molar free energy of ice, Fi, is equal to that of the unfrozen, Flw,  Hence, 

FjF° =F1wF° 	 (1) 

where F°  is the free energy of the standard state, which is chosen to be bulk super-
cooled water at the same temperature as the sample. The ice that forms in frozen 
soil has been found to be ordinary ice (3), apparently not influenced by the presence of 
the soil surface. Thus the vapor pressure of ice in soil is the same as ice in bulk. 
Ice in frozen ground differs in this respect from water in unfrozen ground, where the 
properties and vapor pressure of water are strongly influenced by a soil surface. 

The following relationship exists between (F1 - F° ) and vapor pressure: 

ice  - F.F° =F. 	F0=RTln !. 	 (2) 
1 - 	iw 	 p0 

where Pice  is the vapor pressure of ice and Po  that of bulk supercooled water. The 
relative humidity of frozen soil, Pice/Po,  which in unfrozen ground is equal to the ratio 
of the vapor pressure of soil water, Pl  to bulk water, piw/po,  is not appreciably af-
fected by temperature at water contents of practical interest. 

Figure 1. Liquid water content as a function 
of distance from the cold plate. In the 	Figure 2. Unfrozen water content, U, as a 

frozen part ice is also present. 	 function of temperature for three soils. 
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For a given soil the relationship between water content and soil water tension is 
called the moisture characteristic curve of the soil. The partial molar free energy 
of soil water, Fiw - F°, is related to the soil water tension, bP, by 

P1  - F°  = - V1 P 
	

(3) 

where V1 is the partial molar volume of liquid water. A moisture characteristic curve 
is usually determined at room temperature. For practical purposes the temperature 
effect on the moisture characteristic curve, related to the heat of wetting, can be ne-
glected. A moisture characteristic curve can thus be considered as a relationship be-
tween partial molar free energy and water content over a fairly large temperature 
range. 

Equations 2 and 3 are alternative expressions for the partial molar free energy of 
liquid water. Equation 2 is particularly useful in frozen soil when ice is also present. 
The unfrozen water content can be found from a moisture characteristic curve by first 
constructing a plot of (F1  - F° ) vs water content by means of Eq. 3. This curve is 
valid over a large temperature range. Then a curve of (Fi - F° ) vs temperature is 
constructed by means of Eq. 2, applicable strictly to frozen soil when ice and water 
are in equilibrium. In Figure 3 the amount of unfrozen water is plotted both as a 
function of F1  - F° and temperature for Lower London clay. 

The same relationship that exists between tension and (F1 - F°) also exists between 
swelling pressure, IT, and (Fiw - F0). It is of the form 

F1wF°=V1IT 	 (4) 

Swelling pressures obtained at room temperature can thus also be used to determine 
amounts of unfrozen water. 

For temperatures very close to freezing (0.2 C)  the assumption that the free energy 
of ice in soil is equal to that of bulk ice may not be exactly true. If the ice consists of 
very small grains a correction may have to be applied for the surface energy (11). 
This correction becomes small below -0.5 C. 

In discussing the strength of frozen ground it is important to know how the amount 
of unfrozen water changes with pressure (2, 13, 14, 9). Equation 1 can be used to cal-
culate the pressure effect. Differentiating Eq. 1 with respect to pressure yields 

j4 
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Figure 3. Liquid water content and partial molar free energy as a function of temperature for Lower 
London Tertiary clay. 
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using the relations 

( .s
P  F ,i 

1 	
- V1  and(f_)T = V1 5 	T - 

where V1  and V0  are the molar volumes of the solid and liquid state respectively. 
Equation 5 can be integrated between the limits of atmospheric pressure, a'  and any 
other external pressure, P, which yield 

( 	- F) P  = P 
- (P, - F), 

=Pa  
 =(v - 

V.) 
 (p - a) 	 (6) 

Equation 6 allows one to calculate the change in partial molar free energy with pressure 
at constant temperature, since both V1  (= 1.09 cm3/g) and V0  (= 1.0 cm3/g) are known. 
Table 1 gives the change in the amount of unfrozen water caused by a pressure increase 
of 100 atm (1470 psi) at different temperatures for Lower London clay. The pressure 
effect rapidly decreases with temperature. 

The phase composition of water in frozen soils thus depends first of all on tempera-
ture, and if it can be shown that the engineering properties of soils are determined by 
the amount of unfrozen water, one can expect the engineering properties of frozen ground 
to change dramatically over a relatively small temperature interval (0 to -10 C). 

MASS TRANSPORT IN FROZEN SOIL 

Water can be transported in frozen soils, and a study of the mechanism and rate at 
which this process occurs can be used to explain creep of frozen soils. Water move-
ment can also alter the disposition of the ice phase, which often causes large changes 
in strength and conductance. 

Frozen soils are essentially impermeable to laminar water flow and the dominant 
mechanism of mass transport is mainly by diffusion in the liquid phase. Diffusion can 
occur under the influence of temperature and external stress gradients. Mass trans-
port occurs through the transition layer between the particle surface and the ice. Fig-
ure 4 illustrates the situation that might exist when the ice is placed in a temperature 
gradient field. The thickness of the film will be larger on the warm side than on the 
cold side, since the thickness of the transition layer is determined for a given substrate 
by temperature only. Thus, if there is a temperature gradient along a solid-ice inter-
face, the thickness of the transition layer diminishes in the direction of decreasing tem-
perature. The freezing point depression of the water in the film between a solid and an 
ice surface has a value equal to the negative temperature. To translate the freezing 
point depression into a driving force for water diffusion, the freezing point depression 
can perhaps be related to an equivalent osmotic pressure, ii, by 

h 	 (7) 

TABLE I 

INCREASE IN UNFROZEN WATER, AW, CAUSED 
BY A PRESSURE INCREASE OF 100 ATM IN 

LOWER LONDON CLAY AT DIFFERENT 
TEMPERATURES 

Temperature, C 	 A W, g HzO/g Clay 

-1.0 0.071 

-1.2 0.057 

-1.4 0.034 

-1.5 0.026 

-2.0 0.025 

-5.0 0.010 

-10.0 0.005 
Figure 4. Change in the phase composition of 

water with temperature. 
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where h is the latent heat of freezing, T is the temperature, AV is the difference in 
partial molar volume between ice and water, and A T is the freezing point depression. 

The equation for diffusion in an ideal solution is 

- x (T) 
" RT 

h1T 	 (8) 

where y is mass flow rate, A (T) is the coefficient for transfer of water, and R is the 
gas constant. 

Substituting Eq. 7 in Eq. 8 yields 

x (T) h 
'RT2 S V 

The coefficient of transfer, > (T), is temperature-dependent. The coefficient can 
be expected to decrease rapidly with decreasing temperature below freezing. Also, 
since the water migrates over the surfaces of the soil particles, the flow rate at a 
certain temperature increases with increasing surface area, and clay-type soils have a 
higher coefficient of transfer than a silt or sand-type soil at the same temperature be-
low freezing. Water migration under a temperature gradient in a cylindrical column 
of frozen soil was measured by the attenuation of gamma radiation. In Figure 5 the 
rate of flow of water in frozen Fairbanks silt is plotted as a function of temperature. 
The water migrates through the unfrozen water layer in the direction of decreasing 
film thickness. It should be observed that the rate of transfer is considerable in the 
temperature range from 0 to- -5 C. A saturated unfrozen silt soil usually has a perme-
ability on the order of 10 cm2/sec. 

It was previously noted that an increase in pressure at constant temperature caused 
an increase in the amount of unfrozen water. Hence, stress gradients in soils also re-
sult in a change in unfrozen film thickness, and movement of water again will occur in 
the direction of decreasing film thickness. Under isothermal conditions the direction 
of flow is in the direction of decreasing stress. 

Besides mass transport of water, ions also migrate in frozen ground. For the pur-
pose of evaluating frozen ground for storage or ultimate disposal of radioactive waste, 
the self-diffusion of Na ions was mea-  
suredin silts from northern Alaska (16). 	 I 	 • 	

I 	 I 

In Figure 6 the diffusion coefficieriFis 	10 - 

given as a function of temperature. When 	: 	 . A.Q of 3 

the temperature is lowered and the film 	 0 	 ILT 
3 Sd,,OIn0I0n  

thickness decreases, the movement of the 	. - 
ions rapidly slows down. Nevertheless, 	

8 

in the temperature range from Oto -5 C, 
ions have an appreciable diffusion coeffi- 	 - 
cient, reduced only by a factor of 5 to 10 	6 
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Figure 5. Rate of flow of water in frozen 
soil as a function of temperature below 0 C. 

Figure 6. Apparent self-diffusion coefficient 
of si Its from northern Alaska as a function of 
temperature (after Murrmann and Hoekstra, 

16). 
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ENGINEERING PROPERTIES OF FROZEN SOILS 

It has been shown that in general the engineering properties of frozen soils are very 
temperature -dependent in the temperature range where the phase composition of water 
changes appreciably. The important engineering properties for constructionare strength 
and thermal properties. 

Sections of frozen soils are sometimes used as load-bearing members of finite di-
mensions. The artificial freezing of a shell of ground for support during tunneling is 
an example. In such application both the short- and long-term strength must be con-
sidered; in particular the long-term strength is very temperature-dependent. 

Serious failures occur when the permafrost degradates and frozen soil melts. The 
maintenance of temperature stability is, therefore, an important engineering objective. 
The thermal properties of soil enter into any meaningful analysis of thermal stability. 

Electrical grounding of equipment and the design of broadcasting antennas require 
the electrical conductivity of the frozen soil as an input. The conductivity of a soil 
decreases rapidly when frozen. Yet, depending on the broadcasting frequency, frozen 
ground must be considered as a lossy dielectric. In the USSR, frozen soil sometimes 
is melted by passing an alternating current through a certain section. 

All the engineering properties of frozen ground are influenced to a certain extent 
by the disposition of the ice. Different properties are encountered when ice is uni-
formly distributed or in lenses. These differences are not considered in this paper; 
here only an attempt is made to explain the temperature -dependence of the properties 
of frozen ground. 

STRENGTH PROPERTIES OF FROZEN SOILS 

In an unfrozen soil, shear stresses result from the friction between the particles in 
a soil skeleton. The value of the shear stress is normally expressed by Coulomb's 
equation: 

y=c+(a-z)tan 0 	 (9) 

where y  is the shear strength on a plane with a total normal stress a and a pore pres-
sure p, and 0 is the angle of internal friction. For wet cohesionless soil, c is zero and 
the soil has no unconfined compressive strength. For a clay soil, such as remolded 
Boston Blue clay with a water content of 29 percent, c is on the order of 3 kWcm2.  The 
influence of temperature on the strength of unfrozen soil is considered small. 

In frozen soil the ice forms a bond between the mineral particles, and the ice in the 
pores presumably can carry a stress. The shear stress of frozen soils is much higher 
than that of unfrozen soil, and frozen ground has been used for structural members of 
definite dimensions. The strength behavior of frozen ground is determined by many 
factors, among which are temperature, rate of stress applications, soil type, water 
content, and the disposition of the ice phase. The strength properties of frozen soils 
are highly temperature -dependent in the region of intensive phase transformations. 

Figure 7 gives the ultimate unconfined compressive strength of a clay soil and sand 
soil at a strain rate of 0.2 in. per mm. With faster rates of load application, higher 
ultimate strength values are observed. Many researchers found that for Ottawa sand 
the ultimate strength was related to the rate of stress application by 

amax = A (&)b 
	

(10) 

where umax  is the ultimate unconfined compressive strength and & the time rate of 
load application. 

The deformation of frozen soil under static loads has also been investigated in con-
siderable detail. In Figure 8, the behavior of the strain with time aLdifferent levels 
of load application is given. In each curve several sections can be distinguished: 
Immediately after load application an instantaneous elastic strain arises. The strain 
then passes through a region of continually decreasing rate to a rate of steady creep, 
and finally the stage of progressive flow, characterized by an increasing rate of strain 
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Figure 7. Ultimate compressive strength of three soils as a function of temperature (after Sayles, 19). 

leading to collapse. Vialov (21) determined strain as a function of time for several 
temperatures, and his data are given in Figure 9. In Figure 10 the strain as a function 
of time at a constant load and at a temperature of -0.3 C is given for different soil types. 

Frozen soil is a system of mineral particles and ice separated by films of unfrozen 
water. A film, even though very thin, exists at the ice-mineral particle interface down 
to very low temperatures. The increase in the strength of frozen soil with temperature 
reflects more the increased cohesive strength of the film than the temperature-depen-
dence of the strength of ice. 

The properties of the unfrozen film are also evident in the creep of frozen soil. The 
amount of unfrozen water was found to increase with pressure and flow of water will 
occur from levels of high stress to low stress. Creep is most likely the result of 
transport of water under stress gradients. Tsytovich postulated (22) that ice lenses 
can be transplaced by this mechanism. Ice will melt to replenish the films at the 
high-pressure end, and ice will accumulate at the low-pressure end. The transport of 
water under stress gradients is probably an important factor in stress relaxation in 

frozen ground. 
The creep rate is apparently closely related 

to the amount of unfrozen water. The creep 
rate increases rapidly with increasing tempera-
ture, as seen in Figure 9. Also, at constant 

	

/ 	 temperature the creep rate increases when the 

/ 	 /r2 	 soil type contains more unfrozen water (Fig. 
Strain ,I 	 10). This observation is a strong argument 

T3 	against attributingthe creep to the ice phase; 

7 	 soils of similar ice content may have widely 
varying creep rates depending on soil type. 

Since the phase composition of the water in 

	

Time 	 frozen soils constantly changes whenthe temper- 
Figure 8. Behavior of strain as a function 	ature is lowered, it is difficult to apply the con- 
of temperature at different load levels 	cept of activation energy to this system (4). The 

(after Via by, 21). 	 theory of rate processes can be applied when 
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Figure 9. Strain as a function of time at constant load for a 
heavy sandy loam at several temperatures (after Vialov, 21). 
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only the thermal energy of the 
moving molecules changes with 
temperature. In frozen soil, in 
addition to the change in thermal 
energy a gradual phase change 
also occurs. 

As a result, when the theory 
of rate processes is applied to 
creep of frozen soils, activation 
energies are obtained as high as 
as 93.4 kcal/mole, which value 
is clearly incompatible with 
either movement in ice or water. 
A value of 93.4 kcal/mole would 
be equivalent to breaking ap-
proximately 9 hydrogen bonds. 
In ice, activation energies for 
creep are on the order of 13 
kcal/mole (17). Finally, Vialov 
(21) stresses the importance of 
the structure of the frozen ground 
on the strength of the soil. The 
disposition of the ice phase, e. g., 
in lenses or uniformly distributed, 
strongly affects the strength of 
frozen ground. The Russian 
literature offers many detailed 
accounts on this subject. 

TIME, mlnut., 	 THERMAL PROPERTIES OF 
Figure 10. Strain as a function of time at constant load for 	 FROZEN SOILS 
several soi Is at a temperature of -0.3 C (after Via by, !I) 	Heat is transported in frozen 

soils mainly by conduction, that 
is, the transfer of thermal energy 

on a molecular scale. Two independent thermal properties enter into a quantitative 
description of heat transfer by conduction, namely, the thermal conductivity, X, and the 
heat capacity per unit weight, C. The quotient of these quantities often appears in heat 
flow equations; it is called the thermal diffusivity and denoted here by the symbol a- 

The heat capacity per gram of unfrozen soil can be found by adding the heat capacity 
of the different soil constituents in One gram of soil. Thus, if X5, X, and X. denote 
the weight fractions of solid material, water, and air, respectively, the heat capacity is 
given by 

C=XsCs+XwCw+Xa Ca 	 (11) 

The third term can usually be neglected. The value of C is 1.00 cal/g C for water 
and Cs  varies between 0.22 and 0.15 cal/g C depending on the mineral type. 

The heat capacity of a frozen soil is somewhat more complicated (1, 2, 13, 24). The 
heat capacity is given by the sum of four terms, one for each phase—mineral particles, 
ice, and unfrozen water—plus a term that takes into account the latent heat involved 
when the phase composition changes with temperature. Thus, the heat required Q, to 
change the temperature of 1 g of frozen soil over a temperature interval T, is given 
by (!) 

T+ AT 

Q = (C5 X5  + Ci X + CuXu) AT +f 	(6XU
6 

\ 
Hf 
 --) 	 (12) 

T 
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where Cs, Ct, Cu are the heat capacities of the mineral particles, the ice, and the un-
frozen water respectively and likewise X, Xj, Xu  are the weight fractions of the con-
stituents; Afif represents the latent heat of phase change of unfrozen water in cal/g. 
The total weight of water, Xw,  is the sum of the amount of ice and water: 

Xw = X + Xu 
	 (13) 

Substituting Eq. 13 in Eq. 12 and dividing by AT yields 
T+T 

Q 
--=C=Ciw+CsX+Xu(CuCi)+ff Hf(U)dT (14) 

T 

In Figure lithe heat capacity of Na montmorillonite (2, 13) and Leda clay (24) is given. 
The heat capacity can be seen to change appreciably between 0 C and -5 C where the 
phase composition undergoes large changes. The amplitude of the variation in C is re-
lated to the amount of unfrozen water and will thus increase the finer the soil. 

The problem of expressing the thermal conductivity of a soil as a function of the 
conductivities and volume fractions of the soil constituents is a very complex task. 
McGaw (15) has made a critical analysis of heat conduction equations for granular ma-
terials. At low water content the thermaltransports across solid-liquid interfaces to 
a large extent determine the heat transfer from grain to grain. 

The change in thermal conductivity between frozen and unfrozen soils at low water 
content illustrates well the importance of interfaces in heat conduction. The thermal 
conductivity of water at 0 C is 1. 4 mcal/deg C cm see, and the thermal conductivity of 
ice at 0 C is 5.0 meal/deg C cm' sec. The conductivity of ice increases with decreasing 
temperature and is 5.5 mcal/deg C cm see at -9 C. Upon freezing, both parallel or 
series flow models would predict an increase in thermal conductivity, since liquid 
water is replaced by the higher conductivity material, ice; McGaw (15) measured the 
thermal conductivities in unsaturated frozen Ottawa sand. His data are plotted in Fig-
ure 12. One data point at -4 C was obtained from Kersten (10). Although part of the 

water freezes to ice with a higher conduc- 
tivity, the transfer from 'grain to grain still 
has to occur through the films of liquid water. 
With decreasing temperature the film thick- 

I 	 ness decreases and the motion of the mole- 
25 	 cules is restricted, which apparently impedes 

the thermal transfer. 
For soils at higher water content, the ther- 

20
' 	 mal conductivity no longer decreases upon 

freezing. Perhaps the ice matrix is contin- 

I 	 uous and some heat flow paths can bypass the 

	

PC 	
\No—Montm 	 liquid interface. In Figure 13 the ratio of the 

	

CO Q 	 ' thermal conductivity at -4 C to the thermal 
conductivity at +4 C according to Kersten is 
shown. Thermal conductivity is clearly an 

0 	 \ 	 area in which more data are required. 

\ 	\ 	 When the equation for one-dimensional 

\ 	N 	 heat conduction, 

(15) 
dx 

where q is heat flow in cal/cm2  sec and X 
(T) is the thermal conductivity in cal/deg C 
cm2  see, is combined with the equation de-
scribing the conservation of energy, 

TEMPERATURE,C 

Figure U. Apparent heat capacity of two clays 
as a function of temperature (from Anderson, 1, 	 .L (q) =p C ÔT 	(16) 

and Wi I hams, 	). 
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rated frozen Ottawa sand as a function of 
temperature (from McGaw, 15, 'and Kersten, 	 0.8 
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where p is density of the medium in 
gr/cm3  and C(T) is theheat capacity 	 0.7 	 I 
in gr/deg C, a one-dimensional heat 	 0 	5 	10 	IS 	20 

transport equation results: 	 MOISTURE CONTENT, % 

E 	

FT 

 ] 	

Figure 13. Ratio of thermal conductivity at -4 C to 

p C (T) ÔT 
	

S x(T) 	
(17) 	+4 C as.a function of moisture content for several 

soi Is (after Kersten, 10.). 

In most heat flow problems both X'and C are considered independent of temperature 
and Eq. 17 then reduces to '. 

	

X 62T 	 (18 

and A/pC is called the diffusivity. Figure 12 and 13 illustrate that both the heat capacity, 
C, and the thermal conductivity, A, are very temperature -dependent and can by no stretch 
of the imagination be considered as constants. Le Fur et al (12) studied the freezing of 
kaolinite suspensions and, by placing Eq. 17 in a finite difference form, valuated the 
apparent diffusivity, of the, medium. These data are plotted in Figure 14. 

In many practical calculations one often assumes that all water freezes at the initial 
freezing temperature of the soil. The error, of this approximation increases the finer 
mechanical composition of the soil. 

-12. 	 -8 	 -4 	 0 	 4 	 8 
• 	

TEMPERATURE.0 

FigIire 14. Thermal diffusivity of a kaolinite suspension' as a function of temperature (after LeFur et 

al, 12). °. • 	•. 
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Figure 16. Relative resistance at 1500 
psi for Na montmorillonite samples as a 

function of temperature. 
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ELECTRICAL PROPERTIES OF FROZEN GROUND 

Current flow in response to an electrical gradient in a frozen soil occurs almost en-
tirely through the unfrozen water films. Conductance measurements on a frozen soil 
can, therefore, be used to investigate the disposition of the unfrozen water, and are 
particularly useful as an inthcation of changes in the liquid-like films caused by vari-
ation of an external factor such as temperature or pressure. 

Soil particles usually carry a negative charge, and to remain electro-neutral this 
charge is balanced by an excess of positive ions in the water layers close to the sur-
face. When a soil is frozen, relatively pure ice freezes out, the ions are expelled from 
the ice phase, and crowded in the thin films of unfrozen water. In these thin films the 
ions are relatively free to move along the surface, but the mobility decreases as the 
thickness of the film is reduced. Self-diffusion experiments of Na ions provided further 
proof that at least at temperatures within 10 C from zero, the ions are the most im-
portant charge carriers. In Figure 15, the conductance of a frozen silt is shown as a 
function of temperature. The conductance rapidly decreases in the temperature range 
from 0 C to -5 C and continues to decrease at a slower rate at temperatures below -5C. 

Previously it was noted that pressure increases the amount of unfrozen water. In 
Figure 16, the ratio of conductance at atmospheric pressure is plotted vs the conduc-
tance at a pressure of 1500 psi. The enhanced conductance with pressure is due to an 
increase in the amount of unfrozen water. 

In summary, one can conclude that frozen soil is not to be regarded as a good insulator. 
Although ice and mineral particles are relative poor conductors, the transition layer between 
them causes frozen soil to have a conductance factor 5 to 10 less than the same soil unfrozen. 

In order to satisfy the condition of electro-neutrality, the liquid adjacent to a nega-
tively charged surface has an excess of positively charged ions. Thus, if an electric 
field, E, is applied along the surface, a net force, F, is exerted on a unit volume of 
liquid. If the excess charge density is p coulombs/cm3, and the electric field, E, is in 
volts/cm, then the force per unit volume of liquid in joules/cm3  is given by 

F = E . p 

A requirement for electro-osmosis is 
an excess of charge in the liquid layers 
adjacent to a charged surface. Frozen 
soil clearly meets these requirements. 
The exchangeable ions are not incorpo-
rated in the ice lattice, but are crowded 
in the liquid films on the particle surfaces. 

Figure 15. Conductance of a frozen silt as 
a function of temperature. 
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TABLE 2 

INITIAL AND FINAL WATER CONTENTS AFTER EXPOSING FROZEN SAMPLE 
TO ELECTRICAL GRADIENT OF 1 VOLT/CM FOR 24 HOURS 

(Weight of Water per Weight of Clay X  ioo) 

Final Water Content 

Soil 
Initial 

C 
Temperature 	Water 	Within 1 cm 	Within 1 cm 

Content 	From Anode 	From Cathode 

Wyoming bentonite 	-2.0 	 341 	 275 	 456 

-1.5 	265 	134 	 310 

New Hampshire silt 	-1. 5 	 30 	 27 	 32 

-1.0 	 28 	 21 	 40 

Furthermore, if these films are continuous through the frozen soil, water movement 
could occur by this mechanism. Verschinin et al (22) and Hoekstra and Chamberlain 
(6) measured electro-osmoses in frozen clays and silt. Table 2 gives the initial and 
ffnal water contents after the frozen sample was exposed to an electrical gradient of 
1 volt/cm for 24 hours. Water was transported in the frozen soil toward the cathode. 
Initially the anode area contained ice and unfrozen water, but in the final state all ice 
was removed from the anode region and large bodies of ice formed in the vicinity of 
the cathode. Shrinkage cracks might form at the anode. 

The mechanism by which the ice is transported needs further discussion. The 
phase composition of frozen ground was found to depend on temperature and external 
pressure. An electrical field is not likely to influence the phase composition of frozen 
ground. When the film water is depleted at a certain location, some ice will melt to 
replenish the films and, likewise, water will freeze where the amount of liquid water 
exceeds the equilibrium value. 

SUMMARY 

The engineering properties of frozen soils are very dependent on temperature in 
the range from 0 C to -10 C. The temperature -dependence is related to changes in 
the amount of unfrozen water. The effect of temperature is most pronounced in soil 
types that contain large quantities of unfrozen water. The amount of unfrozen water 
increases in the direction sand > silt > clay. 
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Thermodynamics of Granular Systems 
ALFRED HOLL, United Asphalt and Tar Manufacturing Co., West Germany* 

'GRANULAR SYSTEMS are assemblies of a very large number of grains. Winterkorn 
(2) was the first to recognize and utilize the analogies of such systems with molecular 
systems. He initiated an entirely new line of research, which proved to be very fruit-
ful. The analogies employed by him and others with the kinetic theory of molecular 
systems, exemplified in the treatment of granular systems as macromeritic liquids, 
are ultimately a part of statistical thermodynamics. 

A special branch of statistical thermodynamics of granular systems can be devel-
oped rigorously on the basis of the following axioms: 

Axiom 1: A granular system consists of a finite, though very large, number of 
grains that are in contact with their neighbors. The individual grains 
possess distinct and permanent shapes. 

Axiom 2: At a state of equilibrium, the grains are in positions of rest, charac-
terized by a certain degree of order. 

Axiom 3: Any movement is governed by the laws of mechanics. 

From this system of axioms it is possible, in principle, to deduce all laws of a spe-
cial statistical thermodynamics of granular systems, although this meets in part with 
very great formalistic difficulties. For this reason, this type of deduction has so far 
been successful only with respect to a few laws. This method, however, possesses a 
fundamental defect: the temperature of a granular system cannot be theoretically de-
rived. This is perfectly obvious if one realizes that the concept of temperature is in-
herently alien to mechanics. The deductive process leads rather to a geometric ana-
logue of the temperature of molecular systems. While this is useful in many respects, 
it cannot give a real account of the actual temperature of a granular system. For this 
reason, we shall forego in this paper further treatment of statistical thermodynamics, 
except for a few pertinent observations. 

Inspired by the Winterkorn concept, we have opened up a new path in this paper: 
temperature and heat content are determined on the basis of the energy principle from 
properties of granular systems that can be measured macroscopically. For this pur-
pose we had to derive and apply a "special classical thermodynamics of granular sys-
tems." Temperature and heat content are derived for definite work processes and 
general conclusions are drawn. 

GRANULAR ASSEMBLIES AS THERMODYNAMIC SYSTEMS 

If the volumes of the individual grains are small as compared with the total volume 
of the granular system, then the bulk behavior of the system will be that of a homo-
geneous medium. Such systems can be treated with the methods of classical thermo-
dynamics. 

Type of Thermodynamic System 

Basic for the methodology, developed is the definition of the volume of, or space oc-
cupied by, the granular assembly, which is then called a thermodynamic system. The 
system's boundaries are chosen in a manner as to render treatment of the phenomena 
that occur on them as. simple as possible. The experiment illustrated in Figure 1 pro-
duces results that are pertinent to many problems; it will be utilized in the following 

*paper  translated by Hans F. Winterkorn. 
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investigations. We choose as system bound-
aries the interior surfaces of the container 
(dashed lines). The container walls and the 
pressure piston are the environment of this 
system. This environment can be consid-
ered as practically rigid, since any defor-
mation suffered by it upon load application 
will be very small in comparison with the 
deformation of the system. The space within 
the system boundaries represents a quasi-
homogeneous closed thermodynamic system; 
it is considered as closed because during a 
process no material is allowed topass across 
the system boundary. 

Condition of State of the Thermodynamic 
System 

The state of equilibrium of a system can 
be expressed by a few parameters. In the 
simplest thermodynamic system, the ideal 
gas, the parameters of state are the volume, 
v, the internal pressure, p (which for static 
equilibrium of the system must be equal to 
the external pressure), and the temperature, 

T. In accordance with experience, these parameters are mutually interdepen-
dent, which can be expressed by 

or explicitly 

f(v,p,T) = 0 	 (1) 

v = f(p,T) 	 (2) 

Equation 1 or 2 is called the equation of state of this system. The simplest thermo-
dynamic system possesses, therefore, two independent thermodynamic parameters; in 
Eq. 2, p  and T were defined as independent, hence the third parameter, v, would have 
to be calculated in accordance with the equation. 

An equation of state becomes more complicated as the particular thermodynamic 
system becomes more complicated. More complicated systems are non-ideal gases 
and, especially, condensed systems such as liquids and solids. In the general case of 
the latter, we have, instead of the volume, a strain tensor with six independent com-
ponents and, instead of the uniform internal pressure, a stress tensor, also with six 
independent components. The rigorous treatment of such equations becomes very dif-
ficult and often even impossible. 

Granular assemblies can also be considered as condensed systems. They are in a 
particular state of aggregation that shows partly "liquid" and partly "solid" character-
istics. Representative of the liquid properties is the lack of a characteristic form or 
shape of the system. Maintenance of the external form under load application is pos-
sible only through the action of counter-forces. Solid properties derive from a capac-
ity to maintain a characteristic internal order or packing. In the presence of external 
counter-forces, the volume of the granular systems is a function of the external loading. 

The experimental arrangement shown in Figure 1 depicts an especially simple ther-
modynamic model of a granular system that takes into account the foregoing conditions 
of its particular state of aggregation. The volume of the system can be given abso-
lutely in cubic centimeters or specifically in cubic centimeter per cubic centimeter of 
solids or in cubic centimeters per gram of solids. Preferred for many good reasons 
is the use of the specific volume, v, defined by 

TM 

ii 
Figure 1. Grain assembly as a thermodynamic 
system; mechanical equilibrium at the pressure 

piston. 

v = 1 + e (cm3/cm3 ) 	 (3) 



regation, clenslllcation keompression 
and expansion), shear, and consolida-
tion. All these processes can be in-
vestigated with thermodynamic methods. 
This shall be done for the densification 
process. 

HEAT IN THE COMPRESSION 
PROCESS 

A complete description of the pro-
cess comprises two parts: first, a 
statement of the changes in the param-
eters brought about by the process, and 
second, a statement of the energy 
changes involved in the process. 
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wherein € = void ratio; e can be calculated from the vertical compressibility of the 
system. The mathematical treatment of the problem requires the use of differentials. 
Although the granular system does not possess a differential volume element, its for-
mal introduction is justified by the previous assumption of quasi-homogeneity of the 
system. The differential of the specific volume d(1 + E) is that of d; therefore, the 
void ratio, E, is sufficient for the characterization of the specific volume of a granular 
system. 

The internal stress condition of the system shown in Figure 1 can also be very sim-
ply expressed: all section stresses are proportional to the loading stress, p. The 
lateral stresses can be obtained by use of the coefficient of pressure at rest, Xo, and 
so on. Therefore, the loading stress, p, is ultimately sufficient for the description of 
the stress state of the system. 

As a final parameter of state, there remains the temperature, T; accordingly, we 
obtain the following as an equation of state for the system exemplified in Figure 1: 

c = f(p,T) 	 (4) 

The Thermodynamic Process 

The equation of state (Eq. 4) characterizes a special state of equilibrium of the 
granular system. Changing one of the parameters disturbs the system and initiates 
movement; in other words, a thermodynamic process takes place. The parameters 
become variables, and the equation of state expresses a functional relationship that 
indicates direction and magnitude of change resulting from variation of the independent 
parameters. 

If the variables are changed only to a very small extent, then the state of the gran-
ular system also deviates only to a very small extent from the equilibrium state; such 
processes are called quasi-static. They proceed so slowly that no mass forces be-
come mobilized within the system. The entire course of such processes can be fol-
lowed by means of thermodynamic methods. If, however, the process proceeds so 
fast that mass forces arise, then one deals with non-static changes of state. If, as is 
usually the case, a system is in a state of equilibrium before and after a non-static 
change of state, then the initial and final states are susceptible to thermodynamic 

treatment while the intermediate states 
are not. The main thermodynamic 
processes in granular systems that pro- 

t 	 ceed as a result of externally applied 

Q85 	
forces are mixing, separation or seg- 
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Figure 2. Experimentally determined compression 
function for a coarse sand. 

Experimental Determination of 
the Compression Function 

The first part of the process de-
scription deals with obtaining the state 
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Figure 3. Logarithmic compression function for coarse sand data. 

=f(p)  

function. Equation 4 repre-
sents geometrically an area or 
surface in space. This makes 
its visual presentation quite 
difficult. Elimination of one 
of the three variables reduces 
the geometric presentation of 
the function to a curve in a 
plane, which can be easily vi-
sualized. Such elimination is 
achieved practically by keeping 
the parameter that is to be 
eliminated constant during the 
process. Then the relation-
ship between the remaining 
variables is no longer inflU-
enced by the constant param-
eter. 

For the quasi-static com-
pression process, it can be as-
sumed that the temperature, T, 
does not change during the pro-
cess. This assumption will be 
justified later on.. The state 
function for the compression 
process is then 

(5) 

which is also called the compression function. It is determined experimentally by de-
termination of the volume changes resulting from changes in applied pressure. From 
these, the void ratios, E, are plotted against the pertinent pressures (Fig. 2). This 
method of determination is always possible, at least in principle. 

Analytical Determination of the Compression Function 

For many purposes, a closed mathematical form of the compression function is de-
sirable. Since all densification processes proceed essentially in the same manner, one 
can use phenomenologic approaches for this purpose. 

The Logarithmic Compression Function—A simple densification law can be derived 
from the logical assumption that the change in void ratio per change in compressive 
stress decreases with increasing compressive stress (at large compressive stresses 
the densification process is already far gone): 

	

dp •__ 	 (6) 

in which and P are coefficients. This equation, which we owe to Terzaghi (!), rep-
resents the differential equation of the consolidation process. Integration gives 

E = Ea - 1ln 	
. 	

. 	(7) 
Pa  

in which E = void ratio at static pressure p, and Ea = original void ratio. Figure 3 
shows the logarithmic compression law for the test series shown in Figure 2. The 
shaded triangle helps to visualize the geometric significance of the compression law 

	

(Eq. 6) employed and of the coefficients t, and P. 	 . 
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Figure 4. Densification function in semi- logarithmic presentation. 

The coordinate system of Figure 4 has a linear ordinate and a logarithmic abscissa. 
The logarithmic function (Eq. 7) forms a straight line in this system. This meth-
od can be utilized for an approximate graphic determination of the, function expressed 
by Eq. 7. 

The Exponential Compression Function—Another densification law can be deduced 
from the fact that the void ratio decreases with increasing densification and tends to-
ward a limiting value: 

S 	

- 	2 ( - e)dp (8) 

The integral of this equation is 

E= 0 +a.e
- 2P 	

(9) 

in which E o is the minimum void ratio and 2 and a are coefficients. Equation 9 matches 
a function developed by Kezdi (3) in a different manner. 

Figure 5 shows the exponential densification funëtion for the test series shown in 
Figure 2. The shaded triangle allows easy visualization of the geometric meaning of 
the densification law employed (Eq. 8), and of the coefficients t2  and E 0. Figure 6 em-
ploys a coordinate system with logarithmic ordinate and linear abscissa. Accordingly, 
Eq. 9 is represented as a straight line. 

TABLE 1 

COMPARISON OF EXPERIMENTAL AND MATHEMATICAL VOIDS RATIOS 

Static Consolidation Pressure, p (, in hp/cm' 
Void Ratios From: 

0 	1 	2 	3 	4 	5 

Experiments 	 0.83 	0.73 	0.70 	0.67 	0.64 	0.63 

Logarithmic function 
= 0.83 - 0. 166 log 	+ 0.333 

0.333 	 0.83 	0.73 	0.69 	0.66 	0.64 	0.63 

Exponential function 
= 0.62 •+ 0. 21e 0• 648P 	 0.83 	0.73 	0.68 	0.65 	0.64 	0.63 
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Figure 5. Exponential compression function for coarse 
sand data. 

Other Compression Laws—Equa-
tions 7 and 9 can be made to fit a 
series of test data by proper choice 
of the respective coefficients. Ac-
cording to the laws of algebra, such 
fitting is more successful the larger 
the number of coefficients, i.e., the 
higher the powers of the independent 
variables that can be taken into ac-
count. This can be done very simply 
by the use of binomial formulations, 
e.g., 

! - 	 or 
dp - (P+Pa)' 

dE_ n 
dp 

- - 2(E - e) 

The most general manner would be a 
polynomial expression such as 

dp - (a+bp+cp2 +...) 

Integration of such expressions is somewhat more difficult and leads to a function whose 
structure may be quite complicated. The question arises whether or not it is worth-
while to use such complicated expressions. Table 1 gives a comparison of void ratios 
determined by means of the, simple compression functions (Eqs. 7 and 9) with those 
determined experimentally. The numerical values were determined either rigorously 
in accordance with statistical methods or approximately by the use of judiciously se-
lected test data. 

Table 1 shows good agreement of the analytical values with those obtained by exper-
iment even though all calculations were based on a deliberately selected uneven test 

20 % 

15 

10  

8 

6 

0 4 

IEEE 
0,8  

0 1 2 	3 4 5 p 

Figure 6. Plot of the logarithm of (€ - ) vs the pressure. 
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series. Consequently, at least for all practical purposes, there is no need for greater 
accuracy and refinement. 

Fundamental Significance of the Exponential Compression Function—The Complete 
Compression of a Granular System—In accordance with Axioms 1 and 2, every assembly of 
grains possesses a particular densest state of packing which shall be designated as 
"zero state." This can be proved as follows: For spheres of the same size, irrespec-
tive of the actual diameter, co 0. 35. In the case of mixtures of spheres of two or 
more sizes, E, is a function of the gradation or size distribution. Real grains also 
possess shapes that deviate from the spherical. This lends importance to their orien-
tation in packing. As a matter of principle, though, every granular assembly pos-
sesses a minimum void ratio, co, that defines a state of highest order and densest pack-
ing in accordance with geometrical compatibility. The exponential compression func-
tion (Eq. 9) is in harmony with this concept and, therefore, is of fundamental signif-
icance. In contrast to this, the logarithmic compression function (Eq. 7) is only able 
to describe the consolidation behavior within the range of actual test data and does not 
permit of extrapolation. 

Secondary Compression Effects—Often the actual behavior of granular systems does 
not agree completely with the ideal assumptions made in the preceding paragraph. The 
deviations are caused by subsequent secondary densification effects that are superim-
posed on the fundamental behavior described previously. The causes for this are main-
ly as follows: 

Influences of orientation: The degree of orientation depends mainly on the densi-
fication method employed. Some methods favor orientation as, for example, vibratory 
densification; others, like impact methods, are antagonistic to orientation. If liquid 
phases are present in a granular system (e.g., water in soil or hot bitumen in asphal-
tic mixtures), even methods that are normally antagonistic to ordering bring about a 
high degree of orientation. The higher this degree, the greater is the density. 

Influences of grain fragmentation: Contrary to Axiom 1, real grains possess a 
finite material strength. They can be fragmented if overstressed. Limited degrees of 
grain fragmentation may result in increased density of the system. 

Flow phenomena: In the presence of liquid phases in the granular system, per-
manent flow deformation can be observed when certain methods are employed in the 
compression of the system. 

Practical Determination of Zero State—Despite the secondary densification effects mentioned, 
it is always possible to recognize the fundamental behavior of granular systems from the 
results of practical densification methods. The commonly used methods result in a 
state of very dense packing with grain fragmentation normally held within very narrow 
limits. Only use of excessive densification efforts results in fundamentally different 
internal structures having no further thermodynamic relationships with the original 
systems. The flow phenomena previously mentioned only change the external form of 
the system. Therefore, they do not interfere with the possibility of estimating the 
zero state void ratio that is characteristic for the system. For practical purposes, one 
may choose as zero state that which results from sufficient densification by such com-
mon methods as vibration -to -volume constancy, Proctor densification, or Marshall 
test. 

Work of Compression of a Granular System 

The first part of the treatment of the compression process terminates with the de-
velopment of the compression function. The second and properly thermodynamic part 
is concerned with the energies involved. An important portion of these is the external 
work required for the compression. It can easily be seen that the concept of work as 
product of force times distance in the direction of the force used in classical stereo-
mechanics is no longer sufficient in the case of densification, if one takes into account 
only the external conditions for arriving at the total work involved. Determinant is 
rather the work accepted by the system, which is governed by the internal state of the 
system. Employing the original definition of mechanical work, the work performed is 
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the product of the force acting at the system boundaries and the translation of the bound-
aries in the direction of the force. The differential of the work is then 

	

dw =p•F•ds =p - dv 	 (10) 

where 

p 	F = force at the system boundary (p = pressure, F = area); 
ds = differential of the translation of the boundary; and 
dv = differential of the translation volume. 

If a boundary translation process moves the system from state 1 to state 2, then the 
total work is represented by the integral of Eq. 10: 

2 

	

W. =fP.dv 	 (11) 

1 

This integral can be solved if the function p = p(v) is known. This function is identical 
with the state function developed in the first part of the description of the densification 
process. For granular systems we have then, instead of Eq. 11, 

	

= JPE) dE 	 (12) 

Here w12  is the specific compression work for 1 cm3  of material and, using the factor 
1/p (p = density of material in g/cm3), for 1 g of solid material. The special position 
of the derived thermodynamic work concept—which must be considered as an expansion 
of the mechanic work concept—shall be illustrated by means of an extreme example: 
The system is represented by a rigid body on a rigid foundation that is impacted exter-
nally by a falling mass [weight G (kp), height of fall h (m). The kinetic energy at the 
moment of impact of the falling mass on the system boundary is derived most simply 
from its identity with the potential energy, i.e., the product of G x h (mkp). However, 
the work performed on the system equals zero since the system boundary does not move 
in a rigid system. If, however, one considers under the same external conditions a 
compressible system such as a granular assembly, then this will accept work in ac-
cordance with Eq. 12. Its amount is smaller than G x h. The integral of Eq. 12 can be 
interpreted geometrically. It is proportional to the area between the compression line 
and the E-axiS in the case of horizontal strips. The graphic presentation of the com-
pression line in a pIE diagram shall, therefore, be called the work diagram. Its area 
can be determined with a planimeter or by compass addition. 

By the use of mathematical compression functions, we obtain closed expressions for 
the compression work that can be integrated. With Eq. 7, the ln function: 

wu = iPe - i 	- E) cmp/cm3 	 (13) 

With Eq. 9, the e function: 

	

Wu = E
a 
 - Ee cmp/cm3 	 (14) 

The coefficient possesses the dimensions of a void ratio (cm3/cm3) while 2 
has the 

dimensions of an inverse pressure (cm2/p). Using pertinent numerical factors, w can 
be expressed in other units, e.g., mkp/dm3, mkp/kg, ft-lb/ft3. For the numerical 
example given earlier, we find, for a p value of 2. 7 g/cm3, a w12  value of 1.09 mkp/kg 
from the ln function and 1. 19 mkp/kg from the e function. The difference of 8.4 percent 

'I• 
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- W 	 in the calculated work finds its explanation 
mainly in the complete coverage of the densi-
fication range down to the zero state by the 
e-line. The results are influenced only to a 
very small degree by the slightly different 

	

- 	 - 	 course of the two functions within the measur- 
ing range. 

External Friction Work 
U 	 The compression work as calculated in the 

- 	previous section has one shortcoming. The 
calculated values contain not only the compres- 

(positive 	sion work proper, but also the work required 

	

- 	 in the 	 to overcome the external friction, i.e., the 
case of 	friction between the system and its surround- 
expansion) 	ings (wall friction). In actual cases, this ex- 

Figure 7. Sign convention. 	 ternal friction work cannot be separated from 
- 

the total work. It is possible, however, to 
give estimates of plausible values. The ex-

ternal friction work arises from the tangential stresses at the system boundaries. 
According to Coulomb, these stresses are directly proportional to the radial stresses 
and hence to the pressures which effect the densification. The friction work is pro-
portional to the densification work. In specimens that possess relatively small ratios 
of surface to volume, the external friction may account for as much as 20 percent of 
the total work; less favorable specimen forms can result in much larger proportions 
of the external friction work. Accordingly, the wall friction influence can be taken 
into account in a simple manner by multiplication of the total work with an appropriate 
coefficient. For the calculation of limiting values and ranges, the external friction 
work may be neglected in first approximation in the case of specimens possessing 
small surface/volume ratios. 

Heat in the Compression Process 

It may appear astounding that heat appears this late in a treatise on thermodynamics. 
As a matter of fact, the heat, q, is only a particular form of energy (which crosses the 
system boundary together with other forms). Hence, there is nothing special aboutit. 
Both heat and work are products of a process and not parameters of state. 

Energy Balance for the Compression Process—In accordance with the energy prin-
ciple, all energies involvedin a process are conserved. In addition to the work, w, 
and heat, q, mentioned previously, there exists the internal energy, u, of the system. 
The latter depends only on the state of the system and is, therefore, a state parameter. 
Employing the sign convention shown in Figure 7, the energy principle yields the fol-
lowing equation for a thermodynamic process: 

u =q - w 	 (15) 

where 

	

Au 	u2  - u1  = change in internal energy, u, during a change in state from 1 to 2; 
q = heat that crosses the system boundary during the process = q; 
w = work that crosses the system boundary during the process = w12 . 

Equation 15 states that the difference between the energies gained and the energies lost 
remains in the system as an increase in internal energy. 

At this point the following comments are indicated. All three energy forms—work, 
w, heat, q, and internal energy, u—must be inserted in Eq. 15 in the same units. In 
common use are mkp/kg, kcal/kg, mkp/dm3, kcal/dm3, and other units. Definite 
conversion factors exist between the various units, such as 1 kcal 427 mkp or 1 mkp 
=2.34x 103kcal. 
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Figure 7 shows the direction of the resultant energy fluxes during the densification 
processes: mechanical work is performed on the system, heat is produced. The type 
of energy conversion process that takes place is analogous to that in a heat pump. The 
efficiency of the action mechanism in the granular system is reduced as a result of 
secondary effects. The expended work is not entirely changed into heat (passing 
through internal energy), but a definite portion of it may be used in grain comminution 
work. 

The internal energy, u, is rigorously defined by Eq. 15 for the compression pro-
cess of a granular system. This emphasizes the basic assumptions made, namely, 
that energy amounts deriving from motion (mass effects), gravity (due to the weight of 
the grains), and other energy forms must be negligibly small. 

The heat, q, can be determined as follows: 

q,2  = m c (T2  - T1) 	 (16) 

in which 

m = mass of the system; 
c = specific heat per unit mass; and 

T1, T2  = absolute temperatures of the system in degrees K; AT (°K) is numerically 
equal to AT (°c). 

In accordance with Eq. 16, 

q12  = cT 
	

(17) 

Knowledge of q12  and w permits calculation of Au. 
Limit Values of Temperature and Heat in the Compression Process—Maximum 

values for temperature change and heat production can be obtained from a type of limit 
calculation under the assumption that during the densification process no external fric-
tion work and no grain comminution work will be performed. The energy fluxes which 
obtain during the process can be divided into two components by means of a mental 
experiment and can be clearly presented with the aid of the following artifice. In the 
first part of the process, no heat is lost through the system surface. Therefore, 
q,u  = 0 and, according to Eq. 15, the energy balance is 

AU 	= -w 12 	 (l8a) 

The increase in internal energy, Au, of the system shows itself in a measurable in-
crease in temperature. 

In a second part of the process, the heated system is cooled to environmental tem-
perature, whereby an amount of heat energy, -q is transferred from the system to 
its environment. According to Eq. 15, this portion is 

Au = -q12 	 (18b) 

For the total process, the limiting value is then 

q12  = +w 2 	 (180 

Consequently, using Eq. 17, we obtain (also as limiting value) for the temperature 
increase 

At = 

Employing the numerical data from the example previously mentioned (hard rock par-
ticles of c = 0. 18 kcal/kg-deg, air of c = 0. 25 kcal/kg-deg; and for the granular sys-
tem, c = 0. 2 kcal/kg-deg): 
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At - 
	1. 19mkp/kg 	1.19 X 2.34 x 10kcal/kg - 

1.39 x 10 2 deg - 0. 2 kcal/kg-deg - 	0. 2 kcal/kg-deg - 

The signs with which the energies are listed in the equations must correspond with the 
convention shown in Figure 7. Other granular systems will give different values for 
the temperature increase resulting from the compression work. According to practical 
experience, the order of magnitude of such temperature increases is 10_1  deg C or K. 

Significance of Temperature and Heat for the Compression Process—The numerical 
example in the previous section demonstrates the fundamental difficulty of taking into 
account the temperature and heat changes involved in processes that take place in gran-
ular systems. All thermal effects occurring are small and cannot be measured with 
common thermometric devices. It can be easily calculated that the small temperature 
changes cause only very small thermal expansion of the individual grains and of the 
entire granular systems. Likewise, the resulting thermal stresses in the grains are 
very small compared with the compression stresses and can, therefore, be neglected. 
The significance of this is that, for all practical purposes, one can assume isothermal 
changes (T = constant) in the development of equations of state for granular systems. 
Granular systems are poor heat conductors, although their thermal conductivity in-
creases with increasing density. Thermal exchange with the environment takes place 
only slowly. The system, after experiencing temperature increase as treated in the 
previous section, returns to its original temperature, which is the same as that of its 
environment. 

A practically quasi-static compression proceeds much faster than this temperature 
equalization. For this reason it is sufficiently accurate for many cases to assume 
adiabatic processes in the development of energy equations that serve practical pur-
poses. Temperature and heat, which are of paramount importance in the thermody-
namics of molecular systems, have little influence on such simple processes experi-
enced by granular systems as mixing, segregation, compression, expansion, and 
shear. 

Geometric Analogue of the Temperature—As was mentioned in the introduction, 
thermodynamic methods are preferentially applied to molecular systems. According 
to the kinetic theory, the internal energy of a molecular system is the sum of the en-
ergies of molecular motion (translation, rotation, vibration, etc.), the intensity of 
which is greater the higher the temperature. The vibratory movement of the molecules 
or particles around their positions of rest requires a certain free space; this results 
in lesser density with increasing energy content. There exists, therefore, an analogy 
between the temperature of a molecular system and the relative density of a granular 
assembly. The "zero state" of a granular system corresponds to the zero temperature 
of a molecular system. These relationships and their consequences are germane to 
the Winterkorn concept. 

Some Practical Hints for Determination of Thermodynamic Parameters 

The Internal Causes of Temperature Increase—The foregoing thermodynamic con-
siderations are silent with regard to the causes—peculiar to the granular systems—of 
heat production during the densification process. Only the fact of temperature increase 
is recorded; nevertheless, this increase is obviously due to the internal friction of the 
granular system. 

If one makes the simplifying assumption that the work of internal friction is per-
formed uniformly during the compression process, then it is proportional to a coeffi-
cient of internal friction, tan p, and to the range of densification, h (Ea - €). In the 
ideal case, this internal work is equal to the external work, and hence 

tan 	= C3  x area of the work diagram 	
(19) 

(Ea - 

Equation 19 is of the type of the Winterkorn formula, although the individual factors do 
not have the same meaning; tan is not the same as the coefficient obtained in the 
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(dry) 	 shear test but instead is an average 

______________
(calculated) friction coefficient that is 
characteristic for the compression pro-
cess. It is, however, very probable 

______
that a functional relationship exists be-
tween these two coefficients. of internal 
friction. The size of the area of the 
work diagram indicates the capacity of 
the granular system to change mechan-
ical work into heat energy. 

Determination of Work of Practical 

	

ft Ii ft 	Moisture fI 	
Compression 

	

3 2 1 	

Processes—Quantitative 
knowledge of the work involved in a 
compression process is of fundamental 

((dry) 	 -. significance, not only for the determi- 

1 	
nation of temperature and heat effects, 

2 	
but also as a measure of the economy 

3 \\ 	 of compression and densification pro- 

k 	
cesses: The term compression work, 
w, shall denote the specific (per unit 

	

I 	 of mass or of volume) work accepted by 
the system that brings about a perma- 

0 -. - 	 nent change of the granular system from 
state 1 (e) to state 2 (e2). The corre- 
sponding work diagram comprises a 
compression and an expansion curve. 

	

v.'7 	w2 	w3 	 In the following, we shall describe a 
procedure for the determination of the 

	

Dens,fscotson work 	
. 	 compression work, using as an example 

Figure 8. Dry density vs moisture content in Proctor 	a granular system that is partially sat- 

compaction test. 	 urated with liquid. Such systems are 
of outstanding importance for the con-
struction industry. 

Thermodynamics of o Partially Soturoted Granular System—Densification of a partially sat-
urated system proceeds under squeezing of film liquid into available pore space. If 
the latter is large enough to accommodate the liquid phase, even at complete densifica-
tion of the granular system, then no liquid will be squeezed out of the system during 
the compression process. We are then dealing with a closed thermodynamic system. 
Figure 8 shows the well-known relationships between Proctor densities and liquid con-
tents. Plotting of the void ratios against the densification work (lower part of Fig. 8) 
produces monotonous curves that resemble the compression lines. Obviously, par-
tially saturated systems show similar densification behavior as dry granular systems. 
They may be considered thermodynamically as quasi-homogeneous, and the equations 
that were derived for the dry systems may logically be applied to them. The void ratio 
of the dry or wet system, or the porosity, n, may serve as the volumetric parameter 
of state. (The densification range comprises only a certain portion of the porosity 
range.) 

Note: Homogeneous domains in a system are called "phases" in thermodynamics. 
Partially saturated macromeritic systems behave in the compression process as "ther-
modynamically" single-phase systems. In contrast thereto are the phases as defined 
in molecular physics, which may be designated as "mechanical" or, better still, "phys-
ical" phases, with reference to their characterization as gaseous, liquid, or solid. In 
this usage (also employed by Terzaghi), the system described earlier would be com-
posed of three phases (solid, liquid, and gas). In the field of macromeritics, systems 
composed of three phases may behave like solids and can be densified by pressure and 
impact; two-phase systems possess liquid characteristics and can be poured and 
pumped. 

L 
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C (dry) 	 internal Consolidation During the Corn press:on 
I= siow test 	 Process—The consolidation mechanism of 
2= fast test 	 a saturated system is well known. A 

a 	 similar process also takes place in par- 
tially saturated systems since the flow 

2 	 of liquid into the free pore space re- 
quires time. Because no liquid leaves 
the system, this process can be desig- 

- 	nated as internal consolidation. An 
ideal quasi-static compression process 
must proceed extremely slowly and re-, 
quires an infinite length of time to reach 

'1 	
p 	complete internal consolidation. If step- 

Work 	 wise loading is employed, then the cor- 
responding volume change should be 

Figure 9. Influence of the rate of compression. 	read only after practical completion of 
the consolidation. Premature applica- 
tion of the next loading step leads to 

smaller'consolidation readings than are characteristic for equilibrium conditions: The 
curves for incomplete compression processes lie above those for equilibrium condi-
tions. Figure 9 shows compression curves for a slow test (practically completely con-
solidated) and a fast test (incomplete consolidation). The work diagram shows that at-
tainment of a certain state of densification, Ep, requires more work the faster the con-
solidation energy is supplied. For the determination of this work, a knowledge of the 
total stress condition is sufficient. Separation of the stresses into intergranular (ef-
fective) and pore water stresses is of no particular interest at this stage. 

Simple Pressure Test as a Comparison Process—The densification under continuously or 
stepwise increased pressure—as in the test illustrated in Figure 1—lends itself espe-
cially well to simple analysis. In practice, however, densification is achieved almost 
exclusively by processes of repeated loadings. A loading cycle consists of loading re-
sulting in compression of the system and unloading resulting in expansion. If this cycle 
is repeated many times, then the incremental consolidations become ever smaller. 
The system tends toward its ultimate state, i.e., the "zero" state. It should be em-
phasized here that, in actual repeated compression processes, secondary densification 
effects are superimposed on the primary reaction mechanism. This must be consid-
ered in the evaluation of the test data. Figure 10 shows a repeated and a single com-
pression process. Both shall effect the same permanent densification, (Ea - co). It can 
easily be seen that the densification work of the repeated processes' is larger than that 
which corresponds' to the area limited by the ultimate pressure, Pw,  since the individ-
ual work areas of the loading cycles are partially superimposed on each other. It is 
also obvious that this work is not as large as corresponds to the area of the single 
compression process. This is because the load removal in the cyclic process returns 

S.  

Figure 10. Comparison of effectiveness of single and repeated compression. 
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the system into the range of high initial com-
pression response. The work required for 
the simple compression test represents an 
upper limit for the work required for repeated 
cyclic load applications. 

Practical Application of the Comparison Process- 
In accordance with the contents of the twopre-
ceding sections, the compression work, suffi-
ciently accurate for practical calculations, 
can be obtained from the work diagram of a 
simple compression process proceeding at 
the same rate. For the calculation of the 
proper rate of piston movement in the press, 
some very simple assumptions have been 
found to be adequate. 11 we assume, e.g., 
that, in the case of a rubber-tired roller, the 
pressure increases continuously from initial 
to final contact (contact pressure) (see Fig. 
11), then 

Figure 11. Mechanism of densification by 
rolling. 

- h' Vw 	 (20) vp- D 

Numerical example: for h' = 2mm, vw = 9 km/h, and D = 30 cm, we find, 

0.2 cm x 150 rn/mm 
vp = 
	30 cm 	

= 1 m/min = 1000 mm/mm 

The comparison presupposes equal thickness of layer and test specimen. In the case 
of dynamic loadings, much higher action rates are found. These can be calculated 
from the characteristics of the vibration process, or they must be determined experi-
mentally for impact densification. Dynamic analysis of gaseous systems shows that 
changes in state can be considered as quasi-static as long as the rate of progression of 
volume change is small compared with the velocity of sound. This is the reason why, 
in mechanical engineering, processes occurring in gaseous systems in motor cylinders 
can be treated as quasi-static up to piston velocities of 500 rn/mm. In the case of high-
frequency vibrations, however, an increasing portion of the work is eaten up by the ac-
celeration of component parts of the system. 

Efficiency of Dens ification—A short reference to efficiency of densification appears to 
be indicated. The question may be asked why the ideal quasi-static compression pro-
cess, with its comparatively low energy requirements, is not used in practice. The 
explanation resides in the limitations of thermodynamics as a scientific and technical 
tool: classical thermodynamics does not know time. (This is why an independent theory 
of reaction rates had to be developed.) Practical industrial processes must be com-
pleted within a certain limited time period. This leads to the concept of produc-
tion efficiency as a quotient of work required to do a job and the time within which 

TABLE 2 

PRODUCTION EFFICIENCY OF VARIOUS DENSIFICATION PROCESSES 

Type of Compression Process Compression 
Work (mkp/kg) 

Time Required 
(mm) 

Efficiency 
(mkp/min-kg) 

Ideal quasi-static small infinite zero 

Practically quasi-static 
(test press; road roller) 	- medium medium small to medium 

Dynamic 
(impact, vibration) large small medium to large 



105 

it is done. Table 2 gives a qualitative listing of several processes with regard 
to their production efficiency. 	 - 

Accordingly, it is possible to increase production efficiency by increasing the in-
tensity of the compression process even though this also increases the total work re-
quired. This is the reason for the technical importance of practically quasi-static and 
dynamic compression processes. An example is the improvement of densification by 
roller through increase of the roller velocity. Despite decrease of the densification 
effect for a single roller pass, increase in number of roller passes per unit of time 
results in a greater densification effect for the same total time. 

Additional Applications—It has been shown that, solely from the macroscopic be-
havior of dry or partially saturated granular systems, we could determine temperature 
changes and other thermal effects by the use of thermodynamic concepts. In the same 
manner, the specific enthalpy and entropy of a granular system can be determined. 
Basic for all such calculations is the exact determination of the work received by the 
system. It may be expected that further development of the theory of irreversible 
processes and its application to macromeritic systems will expand the practical use-
fulness of thermodynamics. 

The compression of saturated granular systems involves the squeezing out of liquid; 
this normally takes place only with liquids of low viscosity such as water and hot or 
cutback bitumens. Thermodynamically, such systems must be considered as open 
since material flows across the system boundaries. 

DEPENDENCE OF THERMODYNAMIC PARAMETERS ON THE 
SYSTEM COMPONENTS 

Concept of Mixed-Phase Character 

In a previous section the concept of a thermodynamic phase was explained. The as-
sumed quasi-homogeneity of the granular system does not give an insight into internal 
conditions. Such insight may be gained, however, if one employs the concept of ather-
modynamic mixed system. A mixed phase is defined as a quasi-homogeneous phase 
composed of several constituent physical phases that can be individually recognized. A 
component is defined as a physical phase necessary for the construction of the quasi-
homogeneous system. For example, the components of a gas mixture are the several 
different types of molecules that compose the mixture. 

Granular Systems as Thermodynamic Mixed Phase Systems 

Granular systems represent complicated configurations in space. Hence a wide 
variety of geometric characteristics may be considered as "components." In Table 3, 
components and resulting characteristics of granular systems are coordinated and ar-
ranged in accordance with two ordering or classification principles. The horizontal 
subdivision takes account of the fundamental character (geometric, mechanical, ther-
modynamic) of the granular system. The vertical subdivision takes into account the 
role played by characteristic attributes (material variables, granulometric variables, 
system variables). This type of tabulation has proved of considerable value in many 
investigations. 

It is significant for the physical state of granular systems that the "material" vari-
ables (e.g., the mechanical properties of different minerals) exert only a secondary 
influence on the system properties, or that their contributions (as in the case of heat 
contents but not in thermal conduction) are simply additive (see also the numerical ex-
ample following Eq. 18). This shows the special nature of granular or macromeritic 
systems; the fact that their system properties are largely independent of the "material" 
properties of their granular components has its logical analogue in the properties of 
chemical compounds compared with their atomic constituents. 

Granulometric variables describe the corpuscular characteristics of the individual 
grains. Of these, a necessary number is selected as "components" which must be suf-
ficient- for the characterization of the mixed phase. It would seem logical to consider 
all grains of the same diameter and shape as one component. However, the great 
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variety of diameters and forms represented in a mixture would result in a very large 
number of components. A simple assortment of independent variables was obtained in 
a previous investigation by this author in the following manner: 

L Grain diameter (symbol k) as characteristic of the individual grain. 
Type of gradation of a mixture (symbol q) = amount of particles possessing a 

certain diameter k, expressed as a proportion of a standard diameter (e.g., kmax). 
The components k and q are, therefore, independent of each other. The choice of q 
as an independent component is especially advantageous because it is often possible to 
express the gradation in a closed mathematical function. A well-known method of de-
fining a continuous gradation is by the equation 

/ k 

	

Y = kunx) 	
. (21) 

in which kmax  is the maximum particle size, y is the weight portion of all particles 
smaller than k

'
and q is an exponent that is usually smaller than '/2. 

Grain form parameter (symbol f1). It can be demonstrated that there cannot 
exist a universal parameter that comprises all influences of the grain form on the re-
sulting properties of the system. It is necessary, rather, to express with special 
parameters, fi, the influence of specific forms on specific properties. The statistical 
laws governing distribution of forms or shapes within a granular mixture render it pos-
sible to employ parameters of very simple structure. 

System variables describe the type of granular system. For simple processes, as 
for the compression process described earlier, the simple state parameters E, p, and 
T suffice for the description of the state of the system. Their places may be taken by 
others of the systems variables listed in Table 3 (derived state parameters). If one 
treats the granular system as a mixed system, then the equation of state must contain 
also the independent components: 

f (€, p, T, k, q, 	= 0 	 (22) 

Corresponding States of Granilar Systems 

Equation 22 is quite complicated. Simple relationships between a parameter and a 
component are obtained through elimination of all the excess variables by keeping them 
constant. This happens if one treats the different systems always in corresponding 
states. The latter are defined by identical packing and orientation of the system com-
ponents; therefore, only one parameter, M, is required for the description of a par-
ticular state of the system. Its dependence on the variable component Kk has the form 

	

Mi = f(Kk) 
	

(23) 

It is obvious that zero states of granular systems are corresponding states. Corre-
spondence between states exists when 

1 
+EO-  constant 	 . 	 (24) 

l+Ek - 

where E0  = void ratio of the zero state and Ek = void ratio of the corresponding state. 
It follows from this that the so-called critical void ratio characterizes corresponding 
states. It should be pointed out here that, according to Eq. 24, corresponding states 
of liquid-containing granular systems must have the same degree of pore saturation. 

Zero Diagrams and Their Analytic Treatment 

A zero diagram is the graphic expression of Eq. 23 applied to zero-state systems. 
There exist two different types of zero diagrams, each of which may be utilized in like 



TABLE 3 

ARRANGEMENT OF PARAMETERS THAT ARE OF GREATEST THERMODYNAMIC SIGNIFICANCE IN GRANULAR SYSTEMS 

T 	f System ype 0 	S e m Geometric: 	Variable (a) Mechanics: 	Variables (a) + (b) Thermodynamic: Variables (a) + (b) + (c) 
(a) (b) (c) 

Material Density (g/cm3) 

Group I: 
Material- Material friction tan 'p (1) Specific heat c (kcal/kg deg) 
Variables Strength cc  (kp/cm2) Therm. exp. coeff. e (deg-') 

Elasticity E (kp/cm2) Ther. cond. coeff. A in J/cm s deg 

Group II: Size: grain diameter k in mm 
Distribution: 	y = f(k) 

Granulometric Surface: 0 in mm 
Variables Specific: Os in m2/Kg 

Distribution: 	Os  = 1(k) 
Volume: grain volume in mm - 

volume distribution 

• -- 	 Mass Distribution 	, 

Specific grain number: 	Z5  (St) 
Grain number distrib.: 	A Z5  = 1(k) 

function for Os: 
Z5: 	1z 

Function for c: 	f Function for r: 	11. Function for wm:  fm  
- 	k: 	1k 	 - E: 	1E wk: 	k 

Group Ill: Specific volume V = 1 +c(l) Loading p(t) in kp/cm 	s Temperature T (deg K) 

System Density (g/cm3) 

System Void ratio dl) Manner of loading 
Variables Porosity n = c/i + c(l) Deformations and constraints 

Degree of density D = 1 - n(i) 	- Experimental variables - 

Relative packing Dral = D/DO(l) System strength rin kp/cm2  System properties 
Permeability k (cm ) With the parameters: Specific heat (kcal/kg deg) 

- initial strength C(kp/cm2 ) Thermal expansion (deg 	) 
friction coeff. tan 'p (1) Thermal conduct. (J/cm s deg K) 

System elasticity E 	(kp/cm2 ) Specific intern, energy u (kcai/kg) 
• S 	• Specific entropy s (kcai/kg deg K) 

- - 	--- _ Specific enthalpy ii (kcal/kg) 
-- Specific mix, work Wm (mkp/kg) 

Specific comp. work w 	(mkp/kg) 
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1__ 

M.(b) / Y(a)Mf) 

y(o)H 
Figure 12. Pure additivity of component 

properties. 

7) 

Figure 13. Partial additivity of component 
properties. 

manner to obtain valid relationships between characteristic Mi and component Kk. 
Zero diagrams exist only in a few simple forms; these are susceptible to mathematical 
analysis. 

The first type of zero diagram is defined by Eq. 23 itself. The second type repre-
sents the influence of the component Kk as a resultant of two "pure components" so 
that Eq. 23 becomes 

Mi = f(Mi(a), M(b), y) 	 (25) 

in which 

Mi(a) = characteristic of a granular system which comprises only the component (a), 
M(b) = characteristic of the "pure component" (b), and 

y = general measure of the proportions of both pure components in the mixture. 

Zero diagrams of the second type, corresponding with Eq. 25, show a very close 
relationship with the so-called phase diagrams employed in many areas of physics, 
such as the melting point diagrams in metallurgy and mineralogy, the boiling point dia-
grams, and others. Such diagrams shall be used for demonstrating the fundamental 
methodology of the analytic treatment of their course and information content. 

Rectilinear Course of a Zero Diagram—Il by experiment or by theory a rectilinear 
course of the zero diagram is found, this shows that the property Mi of the mixture is 
a purely additive function of the proportions of the components and the degree to which 
they possess the property of interest (Fig. 12): 

Miy(a + b) = y(a)Mi(a) + y(b)Mj(b) 	 (26) 

Regarding the proportions, we have 

y(a) ± y(b) = 1 	 (27) 

Monotonous Rise of a Zero Diagram—The course of the majority of zero diagrams 
is not rectilinear after Eq. 26, but curvilinear. In the case of a monotonous rise, we 
can define a partial additivity of the desired property in the following manner: 

Miy(a + b) = y(a)M(a) + y(b)M'(b) 	 (28) 

where M'(a), M'(b) = partial properties. 
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For the determination of the unknown M'(a) and W(b) of Eq. 28, we need.a second 
independent equation, which can be obtained from a second experimentally determined 
point, (y + Ay), taken in the vicinity of y: 

Mj(y+Ay) (a +'b) = [y(a) + Ayj M(a) + [y(b) - y] M(b) 	 (29) 

Equations 28 and 29 yield then the desired partial values, e.g., 

M(a) = Miy(a + b) + y(b) AMiy(a + b) 
	

(30) 

whereby 

AMiy(a + b) = Mi(y+Ay)(a + b) - Miy(a + b) 

Figure 13 shows that the partial additivity is restricted to the range y/y+Ay in which 
the curve can be replaced by its tangent or its secant. Other values of the particular 
partials hold outside of this range. Partial values are, therefore, typical thermo-
dynamic parameters that correctly reproduce the properties of a system without neces-
sarily reflecting an inherent reality. If the plots are only slightly curved over the en-
tire range, then one can assume constancy of the partials in first approximation and 
hence, practically, pure additivity. 

Extremal Course of a Zero Diagram—An extremal course of a particular physical 
parameter can almost always be explained by a counterplay of two oppositely acting 
causes. Often this can be expressed as a mathematical function. In the case of gran-
ular systems, the general situation is much simpler since extremal forms of zero dia-
grams always are found in similar types. 

One can then establish a reference base and construct on it similar zero diagrams 
by addition of increments of component properties. The method is shown in Figure 14 
for rectilinear zero diagrams. It can be used in a similar manner for curvilinear 
diagrams. We assume 

Mi(a + b) = Mil + y(a)AMj(a) + y(b)AMi(b) 	 (31) 

where Mil = reference base and AMi(a), AM(b) = increments 

) 

Figure 14. Additivity of increments of component 
properties. 

Calculation of Resultant Properties of 
Granular Systems 

Explanation of the Method—The additiv-
ity laws derived above represent an armo-
ry that permits the execution of simple, 
thermodynamically justified calculations 
of a number of properties, M1, of a gran-
ular system.If a property of interest can 
be related to a reference basis, then the 
law expressed by Eq. 31 is used most fre-
quently. With the chosen assortment of 
independent components of a granular sys-
tem, we obtain very generally 

Mi = M + M(k) 

+ M(q) + AM(f1) 	(32) 

where 

Mil  = amount of property of reference 
base, 
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M(k) = increment because of grain size k, 
Mj(q) = increment because of type of gradation q, and 

AMi(ft) = increment because of grain shape. 

The individual increments can themselves be additively structured. 
Numerical Example: Porosity of a Granular System—In certain applications the 

porosity, n, is preferred over the void ratio. Both properties are functionally con-
nected as follows: 

E 	E 	
n 

; 	--j 

The relationship n = f(E) represents geometrically an equilateral hyperbola whose 
coordinates are rotated 45 degrees and whose origins are shifted a certain amount. 
However, within the range of practically observed porosities, i.e., 0. 1 <n < 0.4, one 
may choose a linear relationship between the two properties; this is sufficiently accu-
rate for macroscopic purposes. The relationships that have been found to hold for the 
void ratios can then be used, at least in first approximations, for the porosities, too. 
According to Eq. 32, we can then write 

n = n1  + An(k) + An(q) + n(f) 	 (34) 

where n1  = minimum porosity of reference system. One may choose n = 0.26, i. e., 
the minimum porosity of a system of spheres of equal size. The different increments 
are found by statistical or graphical evaluation of experimental data from well-planned 
investigations: 

An(k) = increment because of grain size kmax of system 

= +0.02 for 2mm < kmax < 5mm 

= ±0.00 for 8mm < kmax < 12.5mm 

for 18 mm < kmax  < 25mm 

= -0.05 for 35mm < kmax < 45mm 

An(q) = increment because of type of gradation for distribution law Eq. 21 
= ±0.00 for single grain size mixtures q > 1 
= -0.10 for open-graded mixtures 1> q > 0.6 
= -0. 20 for dense mixtures 0. 5 > q> 0. 3 

An(fn) = increment because of grain shape 
= ±0.00 for spheres 
= +0. 10 for rounded grains (small surface/volume) 
= 1-0. 17 for broken grains (small surface/volume) 

Intermediate values are obtained by linear extrapolation. Consider the following nü-
mericalexample:Agranularsystem, 0-12.5 mm, densely graded (q = 0.5), consists 
of 75 percent broken grains and 25 percent spherical grains. The porosity, n, is then: 

n1 = 	 0.26 

• 	 An(k) = 	 • - 

n(q) = • 	 -0.20 • 	• 

Afl(fn) = 0.75 x 0.17 = 0.13 

0.25 x 0.10 = 0.03 

0.16 = 0.16 

- • 	 0.22 

The porosity of this system in the zero state is foundto be 0.22 or 22 percent. 
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It should be noted here that the degree of accuracy of this type of calculation may 
not be sufficient for certain applications. In such cases one should check by experi-
ment. However, this method of calculation reflects correctly the trend of influence of 
the various components as determined by thermodynamic laws and represents, there-
fore, an irreplaceable aid for the construction of granular systems. It can be expected 
that a higher degree of accuracy may be attained in the future in such calculations from 
statistical evaluation of more extensive experimental data and as a result of greater 
differentiation in the assignment of increments. 

Calculations for Other Properties of Granular Systems—In like manner one can ob-
tain additive equations for permeability, shear resistance (especially the shear param-
eter, tan pl, modulus of deformation, Ev, and others. In doing this, one has to keep 
in mind that void ratio and porosity are scalar properties, while the mechanical char-
acteristics are vectors and functions of direction in space. The application of addition 
equations to vector properties, M, requires more severe rules of elimination. Only 
such states of granular systems can now be called corresponding as are obtained with 
the same method of densification, since only thus can they be assumed to possess the 
same degree of orientation. Also, in the case of changes in state, the same experi-
mental conditions and type of deformation must be used if the behavior and properties 
of systems are to be compared. Thus, there exist no generally valid additive equa-
tions for the shear parameter, tan p. Rather, there are special addition formulae for 
the different types of shear tests, i.e., for direct shear, triaxial shear, etc. It is 
obvious that similar relationships can be established for the parameters that are more 
properly considered as being of thermodynamic character. For the thermal param-
eter of heat content—which in Table 3 is listed as a material parameter—assumption 
of simple additivity is sufficient. It can be considered asa scalar property. 

The parameters of internal energy, u, and entropy, s, as well as specific process 
parameters (specific mixing work, Wm,  and specific compression work, wk)  whose 
behavior is similar to that of state parameters, can be calculated from addition-type 
equations. The justificatiqn for such procedure in the case of specific process param-
eters derives from the system of axioms, which stipulates that the underlying processes 
are completely irreversible.. Accordingly, only one reaction path is possible. The 
work required to overcome the influence of the true elasticity of the grains is so small 
that it can be neglected. 

General Applications of the Mixed-Phase Character of Granular Systems 

General Correspondence Principle for Mixed Systems—Formulation of a general 
correspondence principle is useful for many practical problems. 	This will be demon- 
strated on the example of the porosity, n, of a granular system. 	The principle holds, 

however, very generally for the properties of 
any system. 	In Figure 15 are plotted the po- 

H( Voi'/.) rosities, n, 	of mixtures of two types of grains 
(round and fragmented). 	Both possess the same 

45 grain diameter and an approximately similar 
shape factor. 	The pore space of a system con- 

40 sists of a network of channels and cavities. 
S . 	The sharper the edges of the grains, the larger 

T 35 will be the angle spaces formed on contact of 

354 I neighboring grains and the larger the porosity 
of the total 	system. 	This holds true for the 
"pure component" in which grains of the same 
type are, in contact. . In a mixed system, 	how- 
ever, grains of the same character 	are 	no 

gr0' longer in direct contact; rather, 	in accordance 
goon with the principle of uniform distribution (axi- 

om 2), they are well distributed and surrounded 
Figure 15. 	Porosity as a function of by grains of different character. 	However, as 

particle shape (binary mixture), can 	be 	easily 	visualized, 	the 	shape 	of 	the 
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fragmented grains exert an influence on the size of the angle spaces even in contact 
with grains of other shapes. Every individual grain, therefore, makes a characteristic 
contribution, depending on its shape, to the total porosity of the system. 

This principle can be generalized as follows: Each independent component makes a 
characteristic contribution to the properties of a system in accordance with its propor-
tion in the system. The mathematical form of this correspondence principle follows 
Eq. 32. The present derivation, however, shows the internal relationship that, even 
in the case of complete separation of particles of the same kind in a mixture, their 
characteristic influence is maintained. Under these conditions, one cannot help being 
reminded of Dalton's law, which says: Each gas in a mixture of several gases behaves 
in a manner as if it were alone in the space of the container. 

Experimental Determination of Phase Diagrams in Physics—It has already been 
pointed out that many phase diagrams of physics are in close agreement with zero dia-
grams of granular systems. The thermodynamic systems whose behavior finds ex-
pression in the phase diagrams consist of a network of ions, atoms, or molecules. It 
can be demonstrated that the corpuscular, rather than the "chemical," character of 
their elementary components determines the macroscopic behavior of such systems. 
One can prove a relationship between the ionic size of an element and its position in 
the periodic system. 

The thermodynamic systems whose behavior finds expression in the zero diagrams 
consist of a network of grains of many different sizes and forms. Experiments on, and 
analysis of, granular systems disclose the conditions and reasons responsible for the 
various forms of zero diagrams: monotonous rise is always found in cases of good 
agreement in size and shape of two mixing partners. In such cases, an individual 
grain of one mix partner can be substituted for one of the other components without re-
sulting change in the lattice structure. Extremal forms of zero diagrams result from 
great differences in shape and form of the grains of the two mix components. Substitu-
tion of a grain from one component by one from the other results in far-reaching dis-
turbance of the lattice structure (axiom 1). Granular systems represent a singular 
experimental means for demonstration of analogous phenomena that occur in molecular 
systems. 

SUMMARY AND OUTLOOK 

This treatise deals with some special and some general aspects of thermodynamics. 
Among the special topics are the clarification of the influence of temperature and heat 
in work processes on granular systems. Work processes are defined as those in which 
the granular system receives work, as in mixing, segregation, compression, expan-
sion, and shear. In order to determine the amount of heat produced, it is necessary 
to have a valid theoretical concept supported by experimental data of the macroscopic 
properties of granular systems and especially of the work, wu,  involved in the com-
pression process. For this purpose, a method was proposed in which a simple com-
pression test was used as comparison process. It was shown that the influence of 
temperature and heat in such work processes is comparatively small, and that the 
temperature changes are also very small. 

We designate as heat processes those in which heat is adduced to the granular sys-
tem, as in heating and cooling. This group of processes was not considered in the 
present treatise. It is obvious that, because of the large temperature differences nor-
mally employed in industrial processes of this type, the influence of heat and tempera-
ture is very significant. 

Beyond the scope of these special "heat" aspects, insights of greater generality 
were obtained and formulated. These are of great importance for the understanding 
and further investigation of granular systems: 

1. Granular systems can be considered as thermodynamic systems. This imme-
diately yields more trenchant or new definitions of known phenomena. Examples of 
this are the system of axioms, the state of complete compression of a granular system, 
secondary densification effects, criterion for corresponding states, and internal con-
solidation. 
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The methodology that has been developed permits use of simple analytical func-
tions for the expression of a large number of relationships existing between macro-
scopic parameters. Examples are the compression function, compression work, ap-
plication of an analogue process, and laws of additivity. The only assumptions needed 
are that the chosen analytical functions yield a correct reproduction of the macroscopic 
behavior of the granular system. For many problems, thermodynamic methodology 
furnishes especially elegant solutions. 

In accordance with classical methodology, thermodynamic parameters may be 
determined in two fundamentally different manners: First, they may be calculated 
from direct macroscopic measurements as discussed in the preceding paragraph; sec-
ond, they can be calculated or estimated from the composition of the system by utiliz-
ing the concept of mixed-phase character. An example is the determination of the po-
rosity. Hints were given for the determination of other mechanical and thermodynamic 
parameters. The concept of mixed-phase character permits a deep insight into the 
internal structure of a system; this can be expressed in a general principle of corre-
sponding states. 

The limitations of classical thermodynamic methodology have been pointed out. 
This methodology loses its pover whenever the factor of time governs the physical 
phenomenon. Examples are production efficiency of compression processes and the 
time-dependence of internal consolidation. It is quite possible that the existing bound-
aries may be pushed back by the use of special methodologies such as the theory of,  
irreversible processes (or by the generalized activation theory). 

There can be no justifiable doubt that classical thermodynamics will become an im-
portant instrument for the treatment of problems concerned with the behavior of gran-
ular systems, since the results are of immediate practical applicability. All problems 
in which energy is involved, in the form of work or heat, can be treated accurately and 
in an interesting manner. 

The theory of granular systems is made complete by the introduction of thermody-
namic concepts. The structure of this theory is reflected in the arrangement of Table 
3. It comprises physical disciplines of widely differing character. The geometry of 
granular systems (also doubling as a physical discipline) was already in the center of 
interest during the past century. The mechanics of granular systems was introduced 
by Terzaghi in 1925 (1). This resulted in a tremendously fertile expansion of the the-
ory. Finally, we owe to Winterkorn (2) the introduction of thermodynamic methodol-
ogy, whose development is proceeding very rapidly at the present time. This may be 
considered as the completion and crowning of the theory of granular systems. 
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Heat Conduction in Saturated Granular Materials 
RICHARD McGAW, U. S. Army Terrestrial Sciences Center, Hanover, 

New Hampshire 

Heat conduction in granular materials varies with the conduc-
tivities and volumetric proportions of the constituents. Thermal 
conductivities prediëted by leading. equations that utilize these 
factors are compared with reported . values for quartz sand, 
glass beads, and lead shot, each saturated with various liquids. 
Only the equation of de Vries and a series/parallel flow equa-
tion proposed by.Woodside and Messmer approximate the data 
over a range of conductivity ratio and porosity. Neither equa-
tion, however, is based on a fully rational model. An equation 
proposed by Kunii and Smith utilizes a better physical model 
but is weakened by its dependence on the regular packing of 
spheres. 

The series/parallel approach is altered to incorporate three 
additional propositions: (a) the quantity of fluid that conducts 
heat in the series branch approaches zero at the extremes.of 
porosity; (b) interfacial material invariably resides between 
this fluid and a grain, or between two grains; and (c) the pos-
sibility of contact resistance (limited surface conductance) 
exists at each such interface. The resulting equation is tested 
against the literature data and is shown to give a better under-
standing of heat conduction in granular materials. The equa-
tion also serves to indicate areas in which further research is 
needed. 

'THERE IS a need for a rational theory to predict the effective thermal conductivity 
of granular materials found in conjunction with various fluids. Such a theory would be 
applicable to a wide range of engineering and geological problems, including the freez-
ing and thawing of soils beneath highways, the dissipation of heat from buildingfounda-
tions or from buried utility systems, the conduction of heat through water- or oil-bear-
ing sands, the design of insulating or refractory materials, and many others. 

Many of the techniques in use at present are openly empirical, while others of a 
more rational development incorporate matching factors that have only a quasi-phys-
ical basis. Moreover, apparently no approach has taken into account the effect of 
thermal resistance between grains and fluid. A recent study (1) indicated that the 
thermal conductivity of a mixture of .ice and sand was limited by poor thermal transfer 
across ice/sand boundaries. It is very likely, that thermal resistance is present to 
some degree at all boundaries between differing materials, and particularly where for-
eign substances are adsorbed. A rational theory of heat conduction should make pro-
vision for the influence of this factor on overall conductivity. 

Previous solutions for the thermal conductivity of granular materials have tended 
to fall into three major categories: 

Empirical averaging 'techniques, in particular modifications built on the weighted 
geometric mean of the conductivities of the phases; 

Modified parallel-flow equations based on Maxwell's electrical conductivity equa-. 
tion for spheres in a continuous liquid; and 	• 	. 

Series/parallel flow equations. 

114 	' 	 . 
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In this paper, leading equations in each of these categories are compared with con-
ductivity data of Woodside and Messmer (2). The data cover a large range of porosi-
ties and conductivity ratios and were obtained by means of the probe method of tran-
sient heating. This method is judged to be the most reliable technique for measuring 
the conductivity of multi-phase materials. All of the equationstake into consideration 
the conductivities and volumetric proportions of the.constituents, factors whichtogether 
constitute the first requirement of a rational theory. 

Other equations have been proposed that are not included here because they do not 
satisfy certain initial requirements; many of these have been reviewed elsewhere (2,3). 
Some have not considered the proportions of the constituents. Others have been em-
pirically involved or based on questionable assumptions (4). Still others have utilized 
geometrical models that incorporate dubious estimates of the contact area between 
grains (5, 6). 

The degree to which each equation predicts or fails to predict the experimental data 
is shown and the reasons analyzed. A conductance equation is then developed that at-
tempts to correct for the inadequacies of previous solutions. This equation is based 
on a series/parallel flow model; however, the development differs from previous ap-
proaches in that the existence of true solid-to-solid contact between grains is dis-
counted, while the possibility of interfacial resistance is recognized. 

GEOMETRIC MEAN EQUATIONS 

The basic geometric mean equation, attributed to Lichtenecker (7), is given by 

K= I141.KX 	 (1) 

logK= nlogKf+XlogK5  

where Kf and Ks are the bulk conductivities of a continuous fluid phase and a dispersed• 
granular phase, respectively; n is the porosity or volume fraction of saturating fluids; 
and X = (1 - n) is the volume fraction of solids. Asaad (8) proposed a variation to the 
geometric mean equation, 

K = Kf 
 pn 

 K51 " 	 (2) 

where p varies in the neighborhood of unity and has the effect of altering the porosity 
corresponding to a particular value.of K. Legg and Given (9)and Brown (10) proposed 
other variations. 

Hoot Flow 
Hoot Flow 

(a) 
	

(b) 

Figure 1. Schematic models of parallel flow (a) and series flow (b). 
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20 

6 

2 

Each of these equations is an em-
pirical compromise between two physi-
cally limiting cases, namely, parallel 
(maximum) flow: 

K= nKf+XKs 	(3) 

and series (minimum) flow: 

0.2 	0.4 	0.6 	0.8 	1.0 	
K _ = nKf +XKs 	(4) 

Figure 2. Conductivity (K), mcal/deg C-cm-sec, vs 
Schematic diagrams of parallel and 

	

porosity (n); parallel, geometric mean, and series 	series flow are shown in Figure 1; no 

equations 	
simple diagram representing geomet- 
ric mean flow can be drawn. 

A comparison of Eqs. 1 through 4 
is shown in Figure 2. The curves 

were calculated for the case of water-saturated quartz sand (K5  = 20, Kf = 1.4 mcal/ 
deg C-cm-sec at 20 C; 0,  = K5Kf' = 14.3). The data are taken from Woodside and 
Messmer (2), Parts I and II, for quartz sands and quartzitic sandstones; both types of 
sands were found to give equal conductivities for equal porosities when water-satu-
rated and are therefore plotted together. Equation 2 was calculated with several values 
of p. This equation reduces to Eq. 1 when p is unity. 

Figure 2 shows the rather striking agreement of calculated geometric mean values 
with experimental data when the conductivity ratio (K5K(1) is less than 20. Neverthe-
less, the appeal of the approach is primarily based on convenience, inasmuch as little 
insight is provided into the physical processes involved. In a later comparison, the 
geometric mean equation is shown to overestimate conductivity by successively larger 
margins as the conductivity ratio is increased. 

MODIFIED MAXWELL EQUATIONS 

A second approach, and one that has received a great deal of attention, involves 
modifying Maxwell's electrical conductivity equation to fit presumably analogous heat 
conductivity situations. Maxwell's equation, rewritten in terms of conductances rather 
than the original specific resistances, is given by 

K = Kf  
K5  + 2Kf  + 2 X (K -K  f ) 

K +2K 
f 
 - X(K -Kf ) 

5 	 5 

(5) 

Equation 5 was derived by Maxwell to express the compound electrical conductivity 
of a mixture of uniform spheres dispersed in a continuous conducting fluid. An im-
portant stipulation of the derivation was that the spheres were of radii small compared 
with their distances, so that "their effects in disturbing the course of the current may 
be taken as independent of each other" (11, p. 440). Maxwell's equation is directly 
applicable only when the percentage of solids is well below 50 percent. 

Rayleight (12) derived a similar formula for spheres arranged cubically. The der-
ivation was extended by Burger (13) to ellipsoidal particles and by Eucken (14) to sev-
eral phases dispersed in a single continuous phase. Eucken was apparently one of the 
first to suggest an analogy with heat flow. Most recently, de Vries (15, 16) has applied 
the extended equation to the thermal conductivity of soils. De Vries' equation for a 
fluid medium with dispersed ellipsoidal solids is 

nK + FA K 
f 	5 	 (6) 
n + FA 
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K 	I: 

deVries 

J aturote 

 

n 

where 

F= 	[i+ gx (TF i)] '  

(6a) 
and 

3 
1 	(6b) 

x= 1 
Figure 3. Conductivity (K) vs porosity (n); de Vries 

and Maxwell equations. 	 Equation 6 has the form of Eq. 3 for 
parallel flow, with the exception that 
the factor F is different from unity. 

It has been suggested that F is related to the ratio of the effective temperature gra-
dients in the continuous and dispersed phases. However, for packed granular mate-
rials, which are those to which Eq. 6 has been applied by de Vries, F is only slightly 
more than a weighting factor by which the equation can be fitted to a given set of data. 

The empirical nature of F becomes clear when the factor gx  is considered: gx = 
92, ga  expresses the axial lengths of the ellipsoidal particle. For spherical particles, 
gx  = '/, %, '/3, and Eq. 6 reduces to Maxwell's equation. Whereas Maxwell's equation 
typically underestimates experimental data for granular soils (Fig. 3), de Vries found 
that the assumption of g = /, /8 % results in good agreement with measured values. 
Nevertheless, the presumed particle, with a major axis six times the length of each 
minor axis, does not in reality approximate the particles of the soils to which the equa-
tion is usually applied. 

It is instructive to cast Maxwell's equation into the form of Eq. 6 and to compare 
Maxwell's F-value with that of de Vries. When this is done, Maxwell's factor is givenby 

—1 

F(1:1:1) = [1 +(a - 1)] 
= a+2 	 (7a) 

while de Vries' factor is 

4/ 11+13 ' 
F(1:1:6) = 3(32 + 22a + 7 

	
(m) 

As before, a = K5Kf'. The two F-factors 
are plotted against ci in Figure 4. With 
the exception of the point where K5 = Kf, 
de Vries' factor is everywhere larger 
than Maxwell's. Mineral soils fall into 
the lower right quadrant, where F is less 
than unity. For water-wet sand (a = 
14.3), F(1:1:1) is 0.184 and F(1:1:6) is 
0.28 1. In effect, de Vries finds the solid 
fraction in real soils more effective in 
conducting heat than Maxwell's equation 
would predict. This result is what we 
would expect for particles in close as-
sociation; however, the manner in which 
the result is obtained is to some degree 
arbitrary. 
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Figure 4. F-factor (F) vs conductivity ratio (a); 
de Vries and Maxwell equations. 
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Heat Flow 
	

SERIES/PARALLEL EQUATIONS 

A third approach accounts more directly 

C 
proach is based on the - recognition of 

-
at 

least two distinct paths of conduction 
through a granular material: a continuous 
path through the major portion of the fluid, 
and a series path. through the solid parti- 

olids 

1 	 d 

des that are thought to be bridged by a 

Fi 

 small portion of the fluid. Many investi- 

S. 

	

S 	

- 	 gators have postulated a third path by way 
of solid-to-solid connections between par-
tides; however, as discussed later, it is 
un1ely that such a path actually exists 

1. 	 except in rare instances. 
The series/parallel approach differs 

Figure 5. Schematic model of the resistor 	from that of Maxwell and related equations 

	

equation. 	
. 	 in that a true 'series path is discerned. 

Properly applied, Maxwell's approach 
treats those cases where the continuous 

path is predominant; the series/parallel approach can potentially treat all cases from 
full parallel to full series flow with equal rigor. 

Figure 5 shows a schematic model of series/parallel flow as proposed by Wyllie and 
Southwick (i'i). This model has been called the equivalent resistor model because it 
was originally' proposed for electrical conductivity; the model has since been applied 
to the calculation of thermal conductivity. . In Figure 5 fluid areas are stippled and 
areas representing solids are white. It will be noted that the model incorporates a 
continuous path through the solids in addition to the series path. As illustrated, the 
volumes of the various elements are expressed in terms of four ratios, a, b, c, d. 

The equation for the resistor model as given by Wyllie and Southwick is 

aK f 
S 

	

K= 	
K 	

+bK +cK 	 (8) 
(1-d)K +(d)K 	

s 	f 
5 	f 

where 

a+b-i-c= 1 
	

(8a) 

Converting, to the symbols used earlier for the volumetric ratios of solids and saturat- 

	

ing fluids, we find respectively 	S  •' 	 • 

X=b+ad 

	

' S 	 • 	 • 	• (8b) 
n= 1-b-ad= c+a(1-d) 	S 

In practice, it is necessary to supplement relations 8a and 8b with certain experi-
mental measurements before the dimensions of the equivalent resistor model can be 
determined. To evaluate b, Wyllie and Southwick proposed evacuating the pores to 
make the fluid nonconducting (Kf equal to zero). Thus b was thought to be KvKs 1, 

where Ky  was the observed conductivity in, a vacuum. However, the relation is not 
ext because, with no fluid in the pores, radiation between grains is,  no longer neg1i7
gible; an experimentally determined value of Ky  will always be higher than conduction 
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would account for. Thus, a small but finite Ky  does not necessarily indicate the pres-
ence of a conducting path. 

Since the solids could not be made nonconducting, an empirical estimate of c was 
necessary. Kimura (18) assumed c = n1  and b = 0, but disregarded Eqs. 8b. Woodside 
and Messmer (2) also assumed b = 0, but calcu1atedthe value of c required to match 
the resistor model to experimental data. For porósities from 20 to 60 percent they 
found c to be virtually independent of the conductivity ratio and to take the value (n - 
0.03) to a close approximalion. Woodsi'and,Messmer concluded that when the fol-
lowing empirical relations were incorpafe-a, 

b=0 

	

c = n - 0.03 	
(8c) 

a= 1-c=i-n)+0.03 

d = (1x5'/a 

an equation resulted that predicted the thermal conductivity of granular materials with 
good agreement over the range studied. With the addition of Eqs. 8c, the resistor 
equation becomes 

_1 

K = 	I (n - 0.03 )Kf + (A + 0.03) 	 iç + 0.03 () + 0.03 A + 0.03 (*)] 

Equation 9 was termed the modified resistor equation by these investigations. 
It is evident from Figure 5 that the resistor approach does not take into account the 

geometry of the particles or the specific arrangement of the pore fluids that enter into the 
series flow. Kunii and Smith (19) proposed a series/parallel equation in which they 
made a semi-empirical estimate of the extent of the series fluid. This equation was 
an updated version of an earlier one proposed by Yagi and Kunii (20) that included a 
term for the contact area between grains but neglected the continuous fluid path. In 
the later equation, Kunii and Smith sought to provide for conductive heat transfer through 
actual contact surfaces by introducing an empirical coefficient; nevertheless, the coef-
ficient indirectly depended on contact area. Two other coefficients represented radia-
tive transfer between particles and between voids. The authors took all these coef-
ficients to be zero in a comparison with experimental data. 

Kunii and Smith' s. equation, neglecting radiation and possible contact area, is 

	

A1 
 (Kf 	i 

_!_ y 1 1_I K= nKf+ L)()i 	 (10) 

in which the parameters 9, y, and ' are ratios with the average diameter of a particle, 
D. Thus 0 D is the effective distance between centers of adjacent particles, y D is the 
effective length of a particle, and 0 D is the effective length of the series fluid. The 
value of each parameter was estimated through a comparison with open and close pack-
ings of uniform spheres: $ was assumed to be between 0.9 and 1.0, but was taken as 
unity in the authorst calculations; y was assigned the value of 2/  corresponding to the 
length of a cylinder having the same diameter and volume as a spherical particle; ,, 
as a function of porosity and conductivity ratio, was linearly interpolated between 01. 
and 2 calculated for the two packings. Outside the porosity range 48 to 26 percent, 
was assumed to retain the values (Pi and 02. 

The calculation of vi. and 92 represented an attempt to determine the amount of series 
fluid that would be effective in each of the reference packings. Although not wholly 
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the only known effort directed toward 
deriving such a value from basic 
principles. The calculation involved 
several steps. The first was the in-
troduction of a conductance equation 
derived elsewhere [presumably by 
Yagi and Kunii (21), in Japanese] 
that represented the integral heat flow 

0 	0.2 	0.4 	0.6 	0.8 	1.0 	within a circular column bounded by 
n 	 the external surfaces of two spherical 

particles in contact (P = 1). In this 

	

Figure 6. Conductivity (K) vs porosity (n); modified 	equation the conductivity ratio was 
resistor and Kunii and Smith equations. 	 taken as a variable but apparently 

was used only to determine the ratio 
of the temperature gradients in the 
fluid and solid phases. The limita- 

30 

20 

XK f  

to 

projected area of a particle for open 
packing (n = 48 percent) and 15 per-
cent for close packing (n = 26 per-
cent). That these areas were inde-
pendent of the conductivity ratio was 
an error arising from the assumption 
of parallel flow on each side of the 

________ ________ ________ 	spherical surface. The integral equa- 
0 	 uoö i000 	10,000 	tion was then used to calculate the 

KSK 	 equivalent length of a cylindrical 

Figure 8. Comparison of conductivity equations; 	prism of series fluid having the cross- 

n = 38 percent. 	 sectional area so determined, which 
gave the value of D required for 
each packing. Thus and 42 were 

functions of conductivity ratio—the larger the conductivity ratio the shorter the equiv-
alent column. According to this development, conductivity ratio altered the length of 
the column of series fluid but had no effect on its width. 

Kunii and Smith compared their equation with experimental data reported by nine 
previous investigators. These data covered a broad range of materials, but porosities 
varied only between 38 and 50 percent. One of their figures indicated that the calculated 
values fell within a band extending some 15 percent on each side of the observed values. 

Kunii and Smith's equation with 9 = 1 and y = % is compared in Figure 6 with Wood-
side and Messmer's data for water-saturated sand. The modified resistor equation is 

20 	
,.4 	 4+ 4 	 f,. 

6 

2 

K 8  

4 

tion placed on the extent of the con-
ducting column by the refraction of 
flow lines at the spherical surfaces 
was not considered, inasmuch as 
parallel flow was assumed throughout. 

The cross section of an equivalent 
series fluid column in each packing 
was estimated by weighting the total 
heat flow through a single hemisphere 

	

________ ________ ________ 	according to the number of contact 
tO 	 100 	 000 	0000 	points on that hemisphere, the direc- 

tion of the normal to the surface at 

	

Figure 7. Comparison of conductivity equations; 	
each contact point and the total cross- 

n = Fl percent. 
sectional area of the packing perpen-
dicular to each normal. The area of 
the average conducting column in the 
direction of general heat flow was 
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also plotted. It is apparent that at a conductivity ratio of 14.3 neither equation closely 
predicts the data over a wide range of porosities. For the most part Kunii and Smith's 
equation underestimates the data, except at a porosity of 26 percent where there is 
also an abrupt change of slope. The modified resistor equation lies both above and 
below the data but may be said to be a fair approximation, considering the whole scale 
of porosities. Neither equation reproduces the value K5  at n = 0, nor does the modified 
resistor equation predict the value Kf at n = 1. 

COMPARISON OF EQUATIONS AGAINST CONDUCTIVITY RATIO 

In Figures 7, 8, and 9, the conductivity equations are compared with experimental 
data for quartz sand, glass beads, and lead shot, as reported by Woodside and Messmer 
(2). The figures show the influence of the conductivity ratio, a, for three selected 
porosities: 19, 38, and 59 percent. The following equations are compared: 

Geometric mean (GM) Eq. 1 
Parallel flow (P) Eq. 3 
Series flow (5) Eq. 4 
Maxwell (M) Eq. 5 
De Vries (deV) Eq. 6 
Modified resistor (MR) Eq. 9 
Kunii and Smith (KS) Eq. 10 

The parallel and series results are included because they represent upper and lower 
limiting cases, although they do not actually approximate the data. 

Several relations are immediately evident. When a is less than 10 there is little to 
choose quantitatively among the equations (disregarding the limiting cases) inasmuch 
as they all converge to the value K = K5  = Kf. On the other hand, with increasing a the 
geometric mean and Kunii and Smith equations are concave upward, in a manner sim-
ilar to the parallel flow equation. The geometric mean equation agrees with the data 
up to a value of a approximately equal to the porosity in percentage, beyond which the 
calculated values diverge rapidly from the observed values. Kunii and Smith's equa-
tion lies below the data at low a, passes through at a between 50 and 500, and continues 
upward. The remainder of the equations show quite a different behavior; on a semi-
logarithmic plot they all have inflections beyond which they approach horizontal asymp-
totes. These latter equations are characterizedby series-type flow at high conduc-
tivity ratios. 

The series flow equation and Maxwell's equation consistently underestimate the data 
at all values of a Only the de Vries and the modified resistor equations may be said 
to approximate the data over a large portion of the conductivity range. Both equations 
fit quite well at a porosity of 19 percent. At the intermediate porosity of 38 percent, 
the combined data for 1.2 mm lead shot, 40/50 mesh glass beads, and 20/30 mesh 
quartz sand give the appearance of at least two relationships, portions of which seem 
to fit both equations. At a porosity of 59 percent, the de Vries equation lies well below 
the data when a exceeds 20, while the modified resistor equation continues to fit fairly 
closely. 

The reason for the failure of the 
de Vries equation when porosity and 
the conductivity ratio exceed cer- 	20 

 
tam 	limits lies with the F-factor and 	 Sond 

its dependence on gx•  Figure 3 in- 	 / 
dicated that the F-factor with gx = KKf 

 

1:1:6 is essentially correct for all 	 / 	
-- MR 

porosities when a is as low as 14.3.  
However, at a porosity of 59 percent  

I) 	 00 	 1Q00 	0,000 (Fig. 9), comparison with the posi- 	 I 	
(K- 

tion of Maxwell's equation indicates 
that an ellipsoidal particle even more 
strongly elongated would be required 	Figure 9. Comparison of conductivity equations; 
in order to approximate the data. 	 n = 59 percent. 
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Calculation gives gx = 1:1:10, which is obviously at variance with the actual particles 
of sand. The conclusion is inescapable that the de Vries equivalent particle is too 
slender precisely because Maxwell's stipulation does not hold: the particles do indeed 
disturb the course of the current, even at porosities as high as 60 percent. The ellip-
soidal shape is an empirical device for accounting for the large amounts of heat con-
ducted by the fluid between adjacent grains. 

De Vries, of course, has characterized his method as approximate (22). The re-
markable fact is that it approximates such a large body of data with relatively small 
changes in the shape of the presumed particle. This circumstance leads one to spec-
ulate that the flow lines derived from a truer physical model will in some way corre-
spond to those derived for the 1:1:6 particle. 

The resistor model and the model of Kunii and Smith each take account of the series 
bridging fluid and its thermal effect, the first model in a qualitative way and the second 
in an ingenious but not wholly satisfactory quantitative way. The Kunii and Smith 
method results in a volume of series fluid that is variable with porosity and conduc-
tivity ratio, but which because of certain assumptions is of incorrect magnitude. The 
modified resistor method assumes the volume of continuous fluid to be (n - 0.03), which 
has the effect of assigning a constant volume (3 percent of the gross volume) to the 
series fluid. Except for the ambiguity in the data at n = 38 percent (Fig. 8), this equa-
tion is a good approximation for all conductivity ratios when porosity is between 19 and 
59 percent. On the other hand, Figure 6 indicated that outside this porosity interval 
the assumption of constant series fluid volume was no longer valid, inasmuch as the 
end points were not reproduced. It is evident from a physical standpoint that the vol-
ume of series fluid should be zero at the porosity limits, independently of conductivity 
ratio. It follows, then, that if 3 percent is the approximate mean value over the entire 
range of porosities, there are some porosities for which the volume of series fluid will 
exceed this value. 

THE SERIES CONDUCTING PATH 

The foregoing illustrates that there is as yet no fully rational solution for the thermal 
conductivity of granular materials. Nevertheless, several of the equations currently 
in use produce strikingly close approximations to certain measured conductivities. 
There is therefore little purpose in proposing yet another equation that would perform 
the same function but in a slightly different manner. On the contrary, a new approach 
is needed that more closely describes the physical situation and thereby permits con-
fident predictions over a broader range of variables; in this connection, empiricisms 
utilized as a temporary expedient should be of such nature that they can also be made 
the subject of theoretical inquiry. It is in this context that a heat conduction equation 
for granular materials is developed here. 

It may be anticipated that such an approach will be generically similar to the series/ 
parallel approaches of Wyllie and Southwick or Kunii and Smith, in which the series 
path carries a major portion of the heat flow. However, a true series path will incor-
porate a feature that does not appear in any of the equations previously discussed, 
namely, the possibility of thermal resistance across the particle interfaces bordering 
the series fluid. 

Ingersoll, Zobel, and Ingersoll (23, p.  27) state, "In any practical consideration of 
heat transfer it is disastrous to overlook the contact resistance that is offered to heat 
flow by any discontinuity of material; here we have a phenomenon which is really a 
temperature discontinuity at the gas-solid boundary and which greatly increases resis-
tance." Similarly, Van Rooyen and Winterkorn (3, p. 200) state, "In granular systems 
the discontinuity of energy and temperature that exists on a solid-gas interface has 
been recognized and experimentally proven. It is reasonable to assume that a similar 
phenomenon exists between a solid and a liquid phase." Birch and Clark (24) took ac-
count of contact resistance at a gas-solid interface in measuring the thermal conduc-
tivity of rock. Sakiadis and Coates (25) took account of resistance at a liquid-solid in-
terface, stating that surface irregularities as small as 0.0005 in. (12 introduce 
considerable error in thin- liquid -layer apparatus. 
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Interfacial resistance (or equiv-
alently, low surface-layer conduc-
tance) is caused by the molecular 
discontinuity that occurs at the in-
terface where two differing materi-
als meet. Foreign molecules ad-
sorbed by the interfaces are also likely 
to reduce surface conductance. Thus, 
interfacial resistance and its effects 
must be considered a definite pos-
sibility in connection with surface-
active granular solids. The outward 
effect is a reduction in the overall 
conductivity of the mixture. The 
previously mentioned ambiguity in 
the data of Figure 8 most likely arises 
from this cause. 

A secondary result of the presence 
of boundaries and adsorbed layers in 
granular materials is that at every 
point of apparent contact there will 
remain two interfaces. Only in rare 

Figure 10. Series heat flow between grains, 	 instances, such as in out-gassed sin- 
tered materials where recrystalliza- 
tion has progressed across crystal 

boundaries, will there be an obliteration of original grain surfaces leading to a true 
molecular matching. In the great majority of granular materials the physical reality 
is that there is no point at which heat can pass from grain to grain without crossing 
two boundaries, no matter how compact the packing may be. In other words, there is 
in general no solid-to-solid contact; in the resistor model equation, for example, the 
factor b is identically zero. 

Figure 10 illustrates schematically a point of close approach between two grains in 
a saturated granular material. For clarity the grains are shown separated, with a 
finite fluid length, f 0, at the midpoint. Other fluid lengths, f1  and f2, occur at succes-
sively greater distances from the midpoint. Each of these lengths decreases as the 
particles are moved closer together, the distance f0  eventually becoming zero. Never-
theless, because of the presence of the grain boundaries the flow path at the midpoint 
continues to be of the same character as each of the others. All flow paths between 
grains are therefore similar, the only variables being the distance across the inter-
vening fluid and the angle at which a flow line Intercepts the grain surface. No solid-
to-solid connections are postulated. 

A calculation made by Maxwell (11, Art. 312) indicates that currents passing through 
the grains will for the most part be contained by the granular boundaries, breaking 
through only at discrete points of high potential. Maxwell's example was that of a thin 
spherical shell of conductivity different from that of the media enclosed by it and sur-
rounding it. His calculations led him to conclude that if the shell is a better conductor 
than the rest of the medium it tends to equalize the potential around the inner sphere; 
if it is a poorer conductor, it tends to prevent currents from reaching the inner sphere 
at all. In either case, the shell acts as a barrier to currents that would otherwise 
cross the space occupied by it. In the present context, the surface of the particle and 
the adsorbed layers constitute the shell of differing conductivity; the granular particle 
is analogous to the region within the shell. 

Woodside and Kuzmak (26) demonstrated that the points of highest potential are pre-
cisely those where another grain comes into near contact. Using a large model com-
posed of marble hemispheres surrounded by silica gel (simulating quartz grains in 
moisture-saturated air) they found that temperature gradients within a radius of 1/4 

grain diameter from the midpoint were more than 20 times greater than the average 
gradient as measured in the remote fluid. It is therefore apparent that only a small 
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portion of the total fluid in the system will be spatially situated to contribute to the heat 
flow between the grains. 

The lateral extent of the series conducting fluid was considered by Kunii and Smith 
(19) as previously mentioned; however, these investigators failed to take into account 
the refracting influence of the conductivity ratio of the solids and fluid. According to 
the law of refraction of flow lines (11, Art. 310), 

tanG 	K 

tanG1  - Kf  

where O and Gf are the angles that the flow lines in the solid and fluid, respectively, 
make with the normal to the surface of separation. With a > 1, Eq. 11 indicates that 
a flow line in passing from solid to fluid to solid will be refracted as shown in Figure 
10. For a given value of a there is a flow line, fc,  for which the angle of refraction in 
leaving the fluid equals the inclination of the solid surface; the flow surface of which 
this flow line is a part does not penetrate the interior of the solid and therefore marks 
the lateral limit of the series fluid for that region. The higher the ratio of conduc-
tivities the closer will 1c  be to the midpoint, and hence the smaller will be the total 
volume of fluid (for a given porosity) that can be utilized as a series connection for 
heat passing through the grains. With a < 1, the reverse will be true, but this situa-
tion does not generally occur with mineral solids. 

THE BASIC CONDUCTANCE EQUATION 

The general condition of heat flow through a granular material saturated with fluid 
is taken to be as shown in Figure 11. The paths of the series flow in an internal sheet 
one-half grain diameter in thickness are shown by solid flow lines; the paths pass 
through successive points of near contact, shown schematically at the near surface of 
the element. The mean temperature on the upper surface of the sheet is T2, and on 
the lower surface T1; the mean temperature gradient in the direction of the general 

heat flow is -(T1 - T2 )/4L, which fOr AL 
sufficiently large is equal to the average 
temperature gradient between the remote 

g 	

external surfaces. 
In addition to the series paths there are 

continuous paths through the fluid, indi-
cated by dashed flow lines passing into 
and out of the sheet. Maxwell's analogy 
of the thin shell indicates that these latter 
paths do not intercept the particles but in 
all likelihood lie entirely within the fluid. 
There are thus two main paths for the con-
duction of heat through a granular material. 

A general equation describing the heat 
flow in Figure 11 will be of the form 

K = f(n) Kf + f(X) Kgs 	(12) 

where f(n) and f(X) are volume functions of 
the fluid and solids respectively, Kf is the 
conductivity of the bulk fluid, and Kgs  is 
the apparent conductivity over the granular 
series path; Kgs  will be a function of the 
bulk conductivities of solids and fluid, the 
porosity, the amount of fluid involved in 

LN 

Figure 11. General heat flow through an 
aggregate of grains. 
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the series flow, and the interfacial resistance. An expression for Kgs  may be derived 
with the aid of Figures 10 and 11. 

In Figure 11, between the upper and lower surfaces and along a single flow line 
traversing several grains, there will be a total temperature differential ATn  across 
the solids, ATn ' across the intervening fluid, and ATn' across the interfacial regions, 
such that 

ATn +ATn'  +ATn" = T1  - Ta = AT 	 (13) 

Assuming steady flow with no internal sinks or sources, the heat flow in a single flow 
tube will be given by 

AT 	 AT 	 AT 
q =K 	 =K •-. 	= K. .- 
n s s n f f n 1 i 	n 

fl 	 n 	 n 

s 	+f 	' 
-K 	

AT • nn nn 
- gs s +f 	s n n 	n n 

-'- 
where Sn and fn  are the actual lengths of the flow tube in the domains of the solids and 
fluid, respectively. The thickness of the interfacial regions, in, is taken to be negligi-
ble compared with the values of 5n  and  fn.  The mean areas of the flow tube are 
n' and in" in the solid, fluid, and interfacial domains. With a >1, an  will be gen-

erally larger than an',  whereas a' an" for a single flow tube. K1  is the inter-
facial conductance. 

The volume of the flow tube in each of the domains is given by 

	

vn = an 5n  vn' = an' f'; Vn" = an" in 	 (15) 

where the series interfacial volume, vn", is very much smaller than vn  and vn'. Sub-
stitution into Eq. 14 gives, for the heat flow in a single tube, 

AT v 	AT v' 	AT v" 
n n 	

n ' =K..--------- q = K. -. - = Kf. 	f 	1 1 	1 
n n 	n n 	n n 

v 	' 
-K 	

AT 	n 
+v 

 n 	 (16) 
- gs s +f s 

n n n n 

The heat flow in the entire volume of N flow tubes is then 

N 	 AT v 	AT v 	AT. v. 

n1 	
K. -- . -  = 	 K.—j--.- 

V V 
=K - AT 	5+ f 	 (17) 

gs 	s + f s+f 
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where ATs, ATf, and AT1  are the overall mean temperature differentials across the 
various phases; s, f, and i are the overall mean lengths of the flow tubes in these phases; 
vs, v, and vi are the actual volumes of solids, series fluid, and series interfacial ma-
terial. Again, i and vj are very small. 

IfATi represents the summation of the interfacial temperature differentials in the 
volume considered, then 

AT +ATf = AT - AT 	 (18) 

which may be combined in the following way with Eq. 17 to yield an expression for Kgs. 
From Eq. 17, 

ATf=ATs.a.—(1) 	
(19) 

'If 5 

Substitution into Eq. 18 gives 
-i 

5  AT5 	(AT - AT) 	+ . v 

(L)2] 
(20) 

and a combination of Eqs. 20 and 17 results in 

El 
Sf 

v 

( 
Kgs(1j)KS 
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)2I 	
(21) 

l+L) 
1+ 

s( v 
S 	 .  

A comparison of the first term of Eq. 21 with Figure 10 shows that the effect of AT1  
is to reduce the mean effective temperature gradient along the series path. When in-
terfacial resistance is negligible owing to a high surface conductance, 4T1  approaches 
zero and Kgs approaches its highest value as determined by the other variables. Con-
versely, as interfacial resistance increases, AT1  approaches AT and Kgs  approaches 
zero. The quantity (1 - AT/AT) thus modifies the series heat flow irrespective of K5, 
Kf, or the geometry. It is convenient to specify an interfacial efficiency applicable to 
the series path through a granular material as follows: 

AT. 
(22) 

AT 

With the incorporation of this relation, Eq. 21 becomes 

( 	f\2 ( 
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V5  /f\2 
1 

s 	v K 	= 	.1 
 +-) 	

1 + - 	
+ a• - -) j 	

(23) 
Vf  

Equation 23 is the basic equation for the compound conductivity, of the series path. The 
values of s andf are in general unknown, inasmuch as they depend on the geometry of 
a given system. However, the following approximation may be nearly correct in many 
instances: 

(24) 
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where nc is the volume fraction of fluid 
utilized as a series member. Substitution 
of Eq. 24 into Eq. 23 results in a macro-
scopic approximation of Kgs  in terms of 
the conductivities and volumetric propor-
tions of the constituents: 

nc 	
X + nc

Kgs= Ks 	 (25) 

This expression is equivalent to a linear 
relation in terms of resistances, 

i_il X 1 
Kgs 	E Lx+ 11c K5  

Figure U. Schematic model of the saturated 
conductance equation. 	 nc 	1 1 

	

X] 	
(25a) 

+nck  

Thus, the total series resistance is in- 
creased when E is less than unity. 

Referring again to Eq. 12, it remains to add the contribution to overall conductivity 
of the continuous paths through the fluid. Equation 25a indicates that the fractional 
volume of material utilized in the series path is (x + nc); the remainder of the fluid 
volume is therefore (n - nc). Hence, with the approximation of Eq. 24, Eq. 12 becomes 

K= (n-  nc) Kf+(X+nc)Kgs 	 (26) 

Equations 25 and 26 together describe the macroscopic heat flow in the mixture. They 
may be combined to give the following expression for the thermal conductivity of a 
saturated granular material: 

eK(X+n) 
5 	 (27) 

C 
K= (n - nc) Kf + (X + nc) 	

X+crn 

where a= K5  Kf. 
Equation 27 is similar in form to the modified resistor equation with b = 0. How-

ever, there are two important differences: (a) the effects of interfacial conductance 
are accounted for, and (b) the volume of series fluid is as yet unspecified, being free 
to vary with grain size and shape, porosity, and the conductivity ratio. A prismatic 
model of Eq. 27 is shown in Figure 12, which may be compared with Figure 5. 

Derivations of nc  and E should be possible. However, the first step will be to gain 
some idea of their values for particular materials. The manner in which this may be 
accomplished is discussed in the following. 

DISCUSSION 

Experimental data reported by Woodside and Messmer (2) for quartz sand, g'ass 
beads, and lead shot were previously compared with selected equations for thermal 
conductivity. In Figures 13, 14, and 15 these data are compared with Eq. 27. The 
data presented are for seven different saturants at three porosity levels. In the order 
of increasing conductivity ratio, the saturants are water (H20), hydrogen  (H), helium 
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(He), n-heptane (Oil), dry air (Air), argon (A), and Freon-12 (Fr), all at atmospheric 
pressure. 

The figures show familes of curves corresponding to the calculation of conductivity 
with two variables, nc and a; e was taken to be unity. If in the physical system inter-
facial resistance is negligible, the value of nc  read from the curves is the correct value. 
If in reality E is less than unity, the actual value of nc is lower than the apparent value. 
Curves corresponding to the parallel and series combinations of the constituents are 
also included. These curves are the upper and lower limits of conductivity, respec-
tively, for E = 1. They are also solutions to the conductance equation when nc = 0 and 
nc = n, respectively. The parallel and series relationships are therefore special cases 
of Eq. 27. 

The curves labeled nc = 0.030 are solutions to the modified resistor equation, Eq. 9. 
Clearly a constant value of nc does not fit all the data. An envelope has been drawn 
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Figure 15. Comparison of the conductance equation with reported data; n = 59 percent, C.  = 1. 

through the composite data of Figure 14 for 38 percent porosity. The position of this 
envelope is remarkably similar to the position of Kunii and Smith's estimation in Fig-
ure 8. Considering the variety of mixtures involved, it may be presumed that the en-
velope corresponds approximately to an efficiency of unity, and therefore to the true 
values of nc.  It is apparent that, at a single porosity, nc decreases with conductivity 
ratio, a result that is consistent with the deduced influence of refraction. In addition, 
there is evidence that E for dry air, argon, and Freon is less than unity; the experi-
mental data for all three types of particles with these saturants falls below the envelope. 

Envelope curves have not been drawn in Figures 13 and 15; Figure.. 14 illustrates 
that data from than one type of particle will normally be needed to define the 
position of the nc-envelope for a given porosity.  

Figure 16 shows thevariation of nc 
with n for water-saturated quartz sand 
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the solution of Eq. 27, with, E = 1,that 
fits the data shown in Figure 2. As 
anticipated, nc  is zero at both extremes 
and reaches a maximum of approximately 
0.05; the mean value over the entire 
porosity range is very close to 0.03 for 
this combination of materials, as was 
expected. Also shown is a partial rela-
tionship for quartz sand and oil (a = 67), 
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Figure 16. Volume of series fluid (nc)  vs 
porosity (n). 
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assuming E = 1. For sand saturated with oil, the mean value of nc  is approximately 
0.02. 

F'igure 17 shows the variation of the volumetric ratio, nc/X,  with porosity. For 
porosities greater than 40 percent this ratio is proportional to n, being 0. 20n for sand 
with water and 0. 14n for sand with oil. The relationship is different for porosities 
less than 40 percent. As particles become more tightly packed, proportionately less 
connecting fluid is utilized. 

A final remark may be made concerning the conductivity of unsaturated materials. 
Although Eq. 27 was derived with the assumption of full saturation, the adaptation to 
unsaturated conditions should require only a few additional considerations. One of the 
most important is the proper assessment of the volume of fluid taken up by adsorbed 
films at low degrees of saturation. Most of the adsorbed fluid will be part of the con-
tinuous fluid network, with only a small fraction contributing to the series connections. 
It may therefore be anticipated that tue total volumetric water content necessary for 
full development of the series paths will be somewhat in excess of the actual series 
fluid. 

SUMMARY AND CONCLUSIONS 

Selected equations for calculating the thermal conductivity of granular materials 
have been analyzed and compared with experimental data. None of the equations was 
found to have a truly rational basis, although the de Vries equation and the modified 
resistor equation predicted the data to a fair degree. An equation by Kunli and Smith 
seemed to be the closest to a physical solution in form but was encumbered by em-
pirical estimates that made it a poor approximation. 

A conductance equation was then derived for saturated granular materials, based on 
the hypothesis that there are only two paths for heat flow through these materials: a 
series path through the granular network, aided by a portion of the pore fluid that acts 
to transfer heat from grain to grain, and a continuous path through the remalnder of 
the fluid. A third path through continuous solid material connected at grain contact 
points was considered to be generally nonexistent. Every series path was assumed to 
cross two interfacial regions in passing from one grain to another; temperature dif-
ferentials across the interfaces had the effect of reducing conductivity. The series 
and parallel flow equations were found to be special cases of the derived equation. 

The volume of fluid brought into action as a thermal connection was found to vary 
with porosity and the conductivity ratio of the constituents. For systems in which the 
bulk conductivity of the solids exceeds that of the fluid, the maximum amount of series 
connecting fluid effective in any condition appeared to be approximately 5 percent by 
total volume. 

At constant porosity, the effective volume of connecting fluid decreased with the 
conductivity ratio (solids to fluid). At a single conductivity ratio (14.3) the volume of 
connecting fluid varied from zero at porosities of 0 and 100 percent to a maximum at 
a porosity of 50 percent. 

A transfer efficiency coefficient was defined to express the influence of thermal 
resistance at fluid-grain interfaces. Transfer efficiency appeared to vary with the 
saturating fluid. Water, hydrogen, helium, and oil had an efficiency of unity with quartz 
sand, glass beads, and lead shot. Dry air, argon, and Freon were less efficient with 
each of the three solid materials. 
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Temperature Effect on Water Retention and 
Swelling Pressure of Clay Soils 
R. N. YONG and R. K. C HANG, Soil Mechanics Laboratory, McGill University, and 
B. P. WARKENTIN, Department of Soil Science, Macdonald College of McGill University 

Clay-water interaction in soil systems where solute effects 
are negligible is measured by the matric potential. The two 
forces contributing to the matric potential are the swelling and 
capillary forces. Theoretical expectation and available experi-
mental evidence indicate that temperature changes influence 
the two components differently. While an exact separation of 
forces cannot be made because they may not necessarily be 
completely independent, an assessment of the specific contri-
bution of each can be attempted through controlled experiments. 

Measurements were made at 10, 25, and 45 C of soil suction 
on plaster of paris samples with different void-size distri-
bution, and of soil suction and swelling pressure on kaolinite-
glass bead mixtures. Soil suction was measured on the ad-
sorption cycle. The clay-glass bead samples were precom-
pressed to 10 bar and were then either allowed to swell (re-
bound) under decreasing load, or were transferred to a pres-
sure plate apparatus and allowed to take up water under de-
creasing air pressure. 

The results show that in the swelling pressure test, where 
complete saturation exists, increased temperatures resulted 
in slightly increased water contents for the same swelling 
pressure. This is consistent with qualitative predictions based 
onthe theory of swellingdue to interaction of diffuse ion-layers. 
For soil suction measurements, where unsaturation occurs, in-
creased temperatures resulted in decreased water contents for 
the same soil water potential. This would result from de-
creased values of surface tension with the temperature in-
creases. This is demonstrated more clearly with the plaster 
of paris samples where the capillary force is the only compo-
nent of matric potential. 

These measurements of temperature effects are more use-
ful because both swelling and water uptake are measured on 
identical samples. The various proportions of glass beads in 
the clay-glass bead mixtures—from pure glass beads to pure 
clay systems—provide a series of results from which the tem-
perature effect is evaluated. The purpose is to provide infor-
mation on the contribution of the components of the matric poten-
tial in water retention and swelling as affected by temperature. 

THE ENERGY with which water is held in soils is referred to as the total soil water 
potential. Where solute effects are negligible and assuming that gravitational and gas 
pressure effects are insignificant, the matric potential becomes the sole component of 
the total potential. This situation is usually true for laboratory experimental studies. 
The matric potential is the component that depends upon the soil grains, i. e., the 
matrix of the soil (6). 
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The two main forces contributing to the matric potential at higher water contents 
are swelling and capillary forces. The former are important in clay soils while the 
latter are dominant in coarse-grained soils. Although it may be possible to separate 
the components in thermodynamic terms for theoretical considerations, it has not been 
possible to do so experimentally because of the interdependent behavior of the separate 
components. However, with the aid of controlled experiments, an assessment of the 
magnitude of the two forces can be made. 

Several studies on the effect of temperature in the range from 5 to 50 C on water 
retention have been reported in the literature. The general conclusion is (a) that the 
effect is small and sometimes not measurable, and (b) that the amount of water retained 
at a given value of matric potential decreases as temperature increases (e. g., 2). These 
results have usually been explained as due to the decrease in surface tension, because 
water was considered to be held in soils primarily by surface tension forces at air-
water interfaces, i. e., capillary forces. Wilkinson and Klute (4) showed that the de-
crease in surface tension accounted for the measured results for large sand grains, 
but the decrease was not large enough to explain the temperature effect in silt-size 
grains. 

The large influence of temperature on water retention occasionally measured is 
thought to be due to temperature effects on the measuring instrument. The most pre-
cise measurements of matric potential are now being made with special psychrometers. 
Converting these measurements of vapor pressure to water potential, Kiute and Richards 
(1) found that water content of a clay soil at constant potential did not change with tem-
perature, but the water content of a sodium montmorillonite increased with increase in 
temperature. Studies of the temperature effect on swelling pressures of high-swelling 
sodium montmorillonite have also shown that increased temperatures resulted in in-
creased swelling pressures for the same volume (5). 

This is the temperature effect predicted from the diffuse ion-layer theory of swelling 
of clays (6). While this theoretical calculation of swelling pressure is based on certain 
assumptins that are not generally admissible for soils, and experimental confirmation 
of theory is limited to high-swelling soils, it is not unreasonable to expect the swelling 
component of the matric potential to behave in the same manner, albeit on a lesser scale. 
Thus, one would predict for the swelling component of matric potential that increased 
temperature will result in increased water content at a constant value of the matric 
potential. 

Changes in temperature also influence the properties of adsorbed water. This is 
most important at lower water contents, and will not be considered here. 

This paper reports measured temperature effects for water retention and swelling 
pressure for different clays and porous media, chosen to give both swelling and/or 
capillary components of matric potential. This study is part of a larger study on 
forces of water retention in different soils. 

EXPERIMENTATION 

Test samples used in this study of temperature effects on matric potential were 
plaster of paris blocks made with different void ratios, clay, and clay-glass bead mix-
tures. The clay used was a kaolin containing a small amount of mica and marketed 
under the name English Clay by Domtar Limited, Montreal. The glass beads used in 
the kaolin-glass bead mixtures were No. 14 glass beads, supplied by Potters Bros. 
Inc., New Jersey, with over 95 percent between 0.06 and 0.15 mm in diameter. 

The plaster of paris blocks were made by mixing different proportions of plaster 
of paris and water to produce blocks with three different bulk densities: 0.93, 0.70 and 
0.55 gm/cc. The proportions of clay to glass beads used in the different mixtures were 
100 percent clay (by weight), 80, 60, 40, and 20 percent clay. The samples were wetted 
to saturation with water at a water potential of -1 mb. The clay and the clay-glass bead 
mixtures were then consolidated mechanically in the swell apparatus under a pressure 
of 10 bar at one of the three test temperatures, 10, 25, or 45 C. This process is simi-
lar to the consolidation process used in soil mechanics. The samples were thus always 
fully saturated. For the swelling pressure test, the samples were allowed to rebound 
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under controlled mechanical loads applied 
0 	 as air pressure to a flexible rubber mem- 

WATER POTENTIAL IN us 	 brane. Water content computations were 
made from measured values of water up- 

Figure 1. Temperature effect on water retention take, after drying the sample to measure 
in plaster of paris (MB = millibars, y=  density). 	the final water content. 

For the water retention tests on the 
clay and clay-glass bead mixtures, the 

samples were removed from the swell chambers following equilibrium at 10 bar at one 
of the three test temperatures and introduced into the pressure plate apparatus at that 
temperature, where an air pressure of 10 bar was immediately applied directly to the 
sample until a new equilibrium was established. Further water expulsion occurred, 
possibly due to unsaturation which could occur when air pressure was applied directly 
to the sample. The air pressure was then lowered stepwise by a factor of 10, and the 
water taken up at each step measured. 

The plaster of paris samples were saturated, then placed in the pressure plate appa-
ratus at one of the three test temperatures and the equilibrium water contents mea-
sured at different air pressures on drying and rewetting. 

The test results reported for the clay-glass bead mixtures are the average of two 
tests conducted simultaneously. Three replicates were averaged for the plaster of 
paris samples. The measured value agreed within 2 to 3 percent water. 

DISCUSSION OF RESULTS 

The three sets of results to be discussed are (a) temperature effect on water re-
tention in plaster of paris, (b) temperature effect on swelling pressure of clay and 
clay-glass bead mixtures, and (c) temperature effect on water retention in clay and 
clay-glass bead mixtures. 

The plaster of paris samples have fixed void-size distributions. The capillary 
force is the only means whereby water is held in the system. As would be predicted 
from the effect of temperature on surface tension, increasing temperatures decrease 
the water retention at constant potential where the sample is unsaturated (Fig. 1). The 
magnitude of the effect increases with decreasing bulk density. Bearing in mind that 
the water potential is a negative quantity, it is seen that the water potential at the point 
of unsaturation increases with decreasing bulk density due to increase in average void 
diameter. Increasing temperature increases the potential at unsaturation. These two 
effects, which are predicted from changes in surface tension forces, appear to result in 
the measured effect of bulk density. 
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It is then interesting to determine whether the predictions from capillary theory ex-
plain the measured differences quantitatively. Calculations can be made from the 
equation for height of rise of water in a capillary, with surface tension and density of 
water having different values depending upon temperature. In Figure 2, the expected 
values at 45 C as calculated from measured values at 25 C are compared with mea-
sured values at 45 C. 

While the effects of temperature are qualitatively as predicted, the decrease of sur-
face tension with increasing temperature does not account for all of the measured de-
crease in water retention. This result is the same as found by Wilkinson and Klute (4). 
The calculation probably does not make an adequate correction, because it does not - 
apply exactly to the geometry of the interconnecting voids of different sizes in the 
porous medium. 

The measured swelling volumes for completely water-saturated samples swelling 
from a pressure of 10 bar are shown in Figure 3. The samples remain completely 
water-saturated, i. e.,, pores are completely filled with water, while swelling against 
a mechanical constraint in decreased pressure steps. Increased temperatures result 
in increased swelling pressures for the same water content. The effect of temperature 
is already established during compression where higher temperature results in higher 
water content at -io mb potential. The amount of swelling is essentially independent 
of temperature with a trend at higher potential for decreasing swelling with increasing 
temperature. This results because more of the swelling occurs at lower potentials (3), 
and the temperature effect is not likely to be fully reversible. 

The individual differences in pressure due to temperature changes are not large, 
and are about the same magnitude as the reproducibility of the measurement. However, 
the trends are consistent. This result is consistent with the predicted and measured 
influence of temperature on swelling of high-swelling montmorillonite clays. While 
the difuse ion-layer model for swelling cannot be applied quantitatively to the mix-
tures, the evidence is that the swelling component of matric potential has the op- 
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posite temperature coefficient to the capillary component. Temperature effects calcu-
lated from diffuse ion-layer theory show water content increases of 2 to 3 percent per 
20 C—the same order of magnitude as values measured. 

It has been shown from Figures 1 and 3 that opposing results occur due to tempera-
ture changes if the separate components of matric potential are considered. These re-
sults are qualitatively confirmed by the simplified theories applied to swelling and 
capillary retention of water. Thus measurements of water retention, where both com-
ponents are known to exist, can be difficult to evaluate. In Figure 4, water retention 
curves for the wetting cycle are shown for samples equilibrated initially at a suction 
of 10 bar at the desired test temperature. Except for the 100 percent kaolinite sample, 
where the results for the 45 and 25 C tests appear in the reverse order, a consistent 
picture is presented. For clay concentrations of 60 percent and over, increased tem-
peratures show decreased values of water retention. In the region of 40 percent clay 
concentration and lower, the reverse effect is seen. 

The effect of the temperature changes on the two components is assumed to produce 
the overall change in water retention value. Thus, at proportions of clay higher than 
about 50 percent, the capillary component seems to dominate. Swelling within clusters 
or aggregates is not large enough to alter the trend produced in the large voids by the 
decrease in surface tension (3). At clay contents less than about 50 percent, the effect 
of temperature on the swelling component dominates. The clay particles tend to orient 
around the glass beads. One would also expect a denser packing of the beads. Swelling 
seems to be the dominant force in water retention. 

While the effects of temperature can be predicted qualitatively with certain assump-
tions about fabric of the sample, it is obvious from the foregoing discussion that a 
number of additional factors must be evaluated before temperature effects on water 
retention in soils can be more completely understood. This is part of a continuing 
study on water retention in soils. 

CONCLUSIONS 

The two maln components of the matric potential have been investigated in experi-
ments designed to test their change with changes in temperature. As predicted from 
simplified theory, increased temperatures cause increased swelling pressures and 
decreased capillary water retention values in experiments where only one of the com-
ponents is active. However, where the two components exist together, the two opposing 
trends cause different effects under temperature changes. In clay-glass bead mixtures, 
this may be traced to aggregate size. Where aggregate sizes are large, the swelling 
pressure mechanism dominates. Thus, where clay content is small, swelling of oriented 
clay between aggregates occurs as a dominant mechanism in water retention. On the 
other hand, capillary effects are dominant in the high-clay system where clay particles 
are irregularly aligned. 
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Part III 
TEMPERATURE EFFECTS ON 

THE ENGINEERING PROPERTIES OF SOILS 



FOREWORD TO PART III 
The General Report by James K. Mitchell covers the fourteen 
papers in this part. The topics treated can be thvided into three 
groups. The first covers the temperature effects on engineer-
ing properties, volume change phenomena, pore pressure ef-
fects, compressibility, strength, elasticity, creep and stress 
relaxation, and swelling-salt heave. The second group con-
cerns thermal stabilization, effects of preliminary heat treat-
ment, and fusion of soils and ice barriers. The third group 
covers temperature effects in pavement subgrades relating to 
field observations and analysis methods. 

Collectively, these provide concepts and data that make pos-
sible a greatly improved understanding of the importance of 
thermal influences in soil mechanics and thermal treatment of 
soils for improvement of properties. 



Effect of Heating on Bearing Capacity of 
Highway Subgrades 
FERNANDO EMMANUEL BARATA, School of Engineering, Federal University of 

Rio de Janeiro 

MOST OF Brazil's territory lies in tropical and subtropical regions. Throughout 
the country the soil layers compacted in highway construction are exposed—mainly in 
summer —to intense natural heating, frequently for prolonged periods of time. The 
daytime air temperature often reaches 39 to 41 C (102 to 106 F) and it is not uncommon 
that in some areas this temperature will remain unchanged during the night. Hence, 
the temperature of the bare soil attains values around 45 to 60 C (113 to 140 F) accord-
ing to its composition, color, surface condition, etc. Therefore the evaporation tends 
to be very important (especially during the dry days) in compacted subgrades before 
they are covered with the pavement. 

Such considerations inspired the author to investigate in the laboratory the degree 
of influence of preliminary drying on the future bearing capacity of compacted sub-
grades. It was worthwhile to study the effects of drying by heating of compacted non-
saturated soil samples and the repercussions on the strength after wetting. 

In spite of some well-known shortcomings—such as the difficulty in reproducing 
specimens of similar characteristics, and low accuracy in the penetration test—the 
CBR method was selected to determine the strength because it is the most widely used 
procedure for pavement design in Brazil as well as abroad and because it was the most 
convenient method available to the author in establishing the effect of drying. 

However, the author wishes to emphasize that neither the conventional CBR method 
chosen for carrying out the experiments nor the program of laboratory tests were able 
to reproduce the slow and complex phenomenon of moisture change that occurs in the 
subgrade from the end of construction until moisture equilibrium develops. This equi-
librium probably is achieved only after several drying -wetting -drying cycles, and the 
traditional CBR method does not consider such a complex approach. The heating action 
before soaking was the only modification introduced in the CBR test by the author. 

REVIEW OF THE LITERATURE 

Pioneer work on the effect of heating on soaked strength was done by McDowell (1). 
Since 1946 McDowell has emphasized the eventual benefits of the so-called dry curig, 
after having tested several types of soils—coarse- and fine-grained, and from low to 
medium plasticity. The strength was obtained after dry-curing and subsequent soaking 
(by capilarity) by (a) the unconfined compression test for the coarse soils and (b) the 
modified bearing value (MBV, i. e., a test with equipment resembling the CBR) for the 
fine soils. 

The coarser soils ("crushed stone-soil flexible base material mixtures," according 
to McDowell) were oven-dried at 60 C (140 F) for 8 hours. The finer soils (T minus  
40-mesh soils") were submitted to the most severe conditions of drying, which reduced 
the moisture content practically to zero. 

The strengths McDowell obtained for his dried-soaked samples were 2 and 1. 5 times 
(coarse and fine soils, respectively) the strengths that the standard test indicated. Such 
a large influence must have been due to the extremely severe cure conditions adopted by 
McDowell, specially for finer soils. Although the results may not be easily analyzed 
because of the great variety of parameters, McDowell has given us a general picture 
of dry-curing effects on soils of different types and of several energies of compaction. 
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TABLE 1 

SOIL CHARACTERISI'FCS 

	

Percent Passing Steve No. 	Standard A.ASHO 	CBR (55 blows) Classification 
LL PL P1 	 - A 

Expansion, 	
clivity 

10 40 200 0.002mm 	 '°oi 'dmax Wopt percent IIRB Unified 

34 25 9 95.2 79.0 42.0 	7.6 	1,790 18.5 1,976 11.8 	0.3 	A-4(1) SM 	1.18 
5/Cm' 	 S/Cm' 	 to 

1.0 

Even if his significant values for each type of soil at a given energy of compaction 
are rather few—which does not allow a detailed consideration of the heating effect—
McDowell's concept, research, and conclusions have been very useful to the highway 
engineer. 

In a more recent paper, Zalazar (2) also considered the dry-curing effect based on 
his experience in highway construction in Argentina. He investigated with three kinds 
of laboratory test: (a) CBR of statically compacted samples, (b) Hveem stabilometer, 
and (c) triaxial compression. His samples were also oven-dried at 60 C (140 F) and, 
in order to reduce the molding moisture content to pre-established values (a percentage 
of PL or of wopt), he controlled the curing period. In the CBR test he used immer-
sion as the means of soaking. The CBR values, in accordance with the soil type, in-
creased between 0 and 60 percent, while the stabiometer values decreased in general 
and the triaxial values increased slightly. 

The small number of samples used by Zalazar (two for each soil and each test—one 
for the standard procedure and another for dry-curing) do not encourage a deeper anal-
ysis of pre-heating effect. 

EXPERIMENTATION 

Soil 

In order to prevent detrimental effects such as cracks during drying, the author 
chose a soil relatively fine-grained but of low plasticity: a purple reddish highly silty 
sand with clay, a residual material of weathered gneiss, found in abundance in the 
mountains encircling Rio de Janeiro. This soil was given preference also for its char-
acteristics (see Table 1), which guarantee thorough soaking during the 4 days of standard 
CBR procedure. 

Technique 

After having experienced great difficulty in obtaining exact duplication (moisture 
content and density) of specimens, the author turned to a more feasible procedure, i. e 
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Figure 1. Location of samples for moisture content determination. 
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Figure 2. Variation of CBR strength with molding moisture content. 

molding a large number of samples so that the desired comparison could be achieved. 
The step-by-step process was as follows: 

Compaction of a great number of samples in the CBR mold, in 5'layers, 55 blows 
per layer, using a 10-lb hammer and stroke of 18 in.; 

Provision of molding moisture contents from 10 to 13 percent, i. e., around the 
optimum value; 

Testing of the compacted specimens in two ways: (a) employing the standard 
CBR method, i. e., 4 days soaking, measuring expansion subsequent to the penetration 
test; and (b) 3-hour oven-drying at 40 C (104 F) immediately after compaction and then 
testing the usual way; 

Determination of the molding moisture content from samples taken at the exact 
moment of compaction when the moist soil was spread in the mold—two measurements 
were made from every first, third, and fifth layer, totaling six per sample (Fig. 1); 

Determination of the after-soaking moisture content as soon as the penetration 
test ended, making one measurement for every quarter of each sample, i. e., four 
measurements per sample (Fig. 1). 
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The author established the temperature of 40 C as a reasonably representative 
value of average normal summer conditions to which the upper layers of subgrades of 
Brazilian roads are subjected. 

Preliminary experiments indicated that 3 hours in the oven (at 40 C) was the neces-
sary minimum to affect appreciably the initial moisture content. Moreover, a longer 
period of drying might have upset the routine of the laboratory where the tests were 
performed. 

The drying of samples while in the molds was carried out in the oven, placing them 
with their flat surface in a vertical position so that they were exposed equally to heat 
and consequently dried uniformly and in the shortest possible time. 

The process of soaking was performed by means of thorough immersion. 

RESULTS AND ANALYSIS 

The results of principal importance are shown in Figures 2 and 5. Figure 2 shows, 
through two curves, the variation of CBR strength with molding moisture content: 
Curve A shows samples A, B, C, etc., tested according to standard CBR methods 
(hereafter these samples are referred to as "A-samples"); curve 1 shows samples 1, 
2, 3, etc., oven-dried and then tested according to standard CBR methods (referred 
to as "lsamples") 

In spite of the relatively light heating conditions imposed on the samples it remains 
clear that the preliminary drying increases the bearing support of the soil. We can 
observe also that this increment tends to be smaller (around 6 percent) on the dry side 
and larger (around 15 percent or more) on the wet side of optimum moisture content. 

It is a well-known and accepted fact that drying increases the effective pressure, 
even in nonsaturated compacted soil. Lambe (3) explains this phenomenon in terms of 

V.' 

-&- 

40 

\ 0 

Nod 	.(pfl-e 

90 

/0 
F.oc/opCoi,.Ceive 	c' 	\ 	- 

5 	 /0 	 /5 
o1d1rNa1si1,e Co',fen'I - 

Figure 3. Variation of soaked CBR with the energy of compaction—after Kleyn (6), in Wooltorton (9). 
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increase of water deficiency involving, as a necessary circumstance, the negative in-
crease of pore pressure. Structure of soil permitting, the drying process is accom-
panied by shrinkage and, consequently, increase in density. 

The experience of Jervis and Eustis (4), Seed, Mitchell and Chan (5), and Kleyn (6) 
proves that —super compaction excluded—the strength (after soaking) increases with the 
growth of energy of compaction when dealing with a given molding moisture content 
(Fig. 3). Therefore, the increase in strength caused by pre-heating corresponds to an 
increase in the original energy of compaction E1 (55 blows, etc.) to E2, 

E2 =E1 +E 	 (1) 

where AE is the "heating effect" measured in terms of energy of compaction or com-
pacting effort. 

Figure 4 shows a schematic representation of the probable mechanism of the drying 
and wetting process for a nonsaturated soil, based on British experience at the Road 
Research Laboratory (7). A compacted sample of high degree of saturation (sample 
X, Fig. 4) tends, when submitted to drying, to follow a trajectory that approximately 
coincides with its corresponding line of constant degree of saturation (at least when the 
drying is of little intensity). A sample of low degree of saturation (sample Y, Fig. 4), 
in contrast, loses water and simultaneously lessens its degree of saturation; in other 
words, it shrinks less or may not shrink at all. On the other hand, when wetting, the 
curves for drying-wetting are not so steep, denoting that the absorbed volume of, water 
is much bigger than the growth of the voids volume. 

Taking into consideration both Figures 3 and 4, we must conclude that the represen-
tative points for preliminary drying have undergone a dislocation to a "new" curve of 
compaction (of energy E1 + AE), displaced upwards and to the left of the orginaJ. curve 
(of energy E1). Consequently, the soaked CBR values of the "new" curve are larger 
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Figure 4. Schematic representation of drying and wetting mechanism of nonsaturated soil. 
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Figure 5 Conditions before and after soaking for normally tested samples and oven-dried samples—
iso-CBR curves related to conditions after soaking. 

than those from curve E1. It is worth noting that the dislocation of the points mentioned 
varies in accordance with their initial degree of saturation. The increase AE of energy 
is not constant along the original curve—it varies with the original degree of saturation 
of each point. In other words, the "new" curve, of compaction does not correspond 
exactly to a normal curve of constant energy. 

If the following symbols are used: 

Molding Conditions 	After Drying 	After Soaking 

Dry Density 	 'd 	 -v 	 Yd3  

Moisture Content 	 w1 	 w2 	 w3 
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Figure 5 shows (a) the compaction curve obtained for all samples investigated, i. e., 
the correlation curve of the dry density against the molding moisture content w1, for 
A-samples and for 1-samples; (b) the location of points 	w3 ) representing the 
conditions after the 4-day soaking, for A-samples and 1-saiiples (note that the mois-
ture axis is valid for w1  and ws); and (c) iso- CBR curves related to the conditions 
after soaking d3'  w3). 

The dry density Yd3 was calculated differently for A-samples and for 1-samples. 
For A-samples, yd3  was determined from the expansion E5: 	- 

d1  
Ydsrl+ E5 	

(2) 

For 1-samples, the calculation using the formula 

Vd2  
Vd3 	1+ E5 	

(3) 

would require determination of the density Yd2  resulting from drying and shrinkage. 
However, because the direct determination of Yd.  was quite difficult due to the test 
conditions, the author decided to calculate d  from the consideration of tri-dimen- 
sional shrinkage: 	

2 

d2  = 
d1  . (1 + e1) 

(4) 

where e1  is the initial (molding) void ratio, G5  is the specific gravity of solids, Wd  is 
is the dry weight of the soil mass, y is the unit weight of water, and AVv  is the 
change in volume of voids by shrinkage. Taking into account what has been said before 
about the probable mechanism of the drying process of nonsaturated soil, the author 
advanced the following hypotheses: 

1. That the volume reduction (shrinkage by heating) is uniform throughout the 
sample. Such a hypothesis is acceptable if the drying period is compatible with the 
sample dimensions and type of soil tested. Only in the initial moment is there a ten-
dency for the surface layers to dry faster than the center, because they are in more 
direct contact with the hot surroundings; as time goes by the moisture content tends 
toward homogeneity throughout the sample, since the moisture of the center flows to-
ward the surface layers. Hallaire (8), in describing his experiments, says "desicca-
tion starts throughout the sample as soon as the surface is subjected to evaporation." 
It is important to observe, moreover, that when the author opened at least two CBR 
samples (No. 14 and No. 50) immediately after oven-drying, he obtained the results 
given in Table 2, which indicate that the central part had dried and that there was rea-
sonable homogeneity. However, in view of the small difference between W2  and W1  of 
these two samples, it is possible that the observed results could be a consequence of 
drying during the molding operation or an error in moisture determination. To clarify 
this point the author performed a different type of moisture determination (before com-
paction, from the tray; immediately after compaction, by quartering the CBR samples) 
on three samples (24, 29, and 56-A in Table 2). The moisture content of sample 56-A 
was smaller after the compaction than before it, which seems logical, although samples 
24 and 29 showed just the opposite, which was difficult to explain. 
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TABLE 2 

CBR TEST RESULTS 

	

Molding Moisture Content 	 Molding Moisture COnbtent 	 Moisture Content Alter Drying 	Loss of 

	

Time to 	 Before Compaction5 	 After Compaction 	 ('6) 	 WaterC 

	

Samples Oven at 	 (wO) 	 (wr) 	 (cm') No. 

(hours) First Second Third Average T MT MB B Average T MT MB B 
Av:rage 

	

Layer Layer Layer Value 	 Value 	
Value Av~ 

14 	2 	40 	 12.35 	- - 	- 	- 	
- 	11.60 11.90 11.70 11.80 11.75 	28 

30 50 	3 50 
It 	 11.45 	- 	- 	- 	- 	 - 	10.90 10.80 45 	 10.20 10.50 10.60 	38 

24 	0 12.30 12.60 12.60 12.55 12.40 12.55 - 	- 	- 	- 	 - 	 - 

29 	0 	 12.10 	12.00 12.50 12.30 12.30 	12.30 	- 	- 	- 	- - 	 - 	 - 
10 

56-A 	0 	11110 	70 	75 HAS 10.95 10.60 10.85 10.90 10.80 - 	- 	- 	- 	 - 	 - 

°Delermined (my the frey. 
bo5f0ryje by qnorr,ring he .snrple. 

	

Cslsuloted (mm 4V0 	K - W5). 

2. That the volume reduction (shrinkage by heating) occurs with permanency of the 
initial degree of saturation S1 (as molded). Such a hypothesis is valid exclusively for 
samples of high S1 (above 70 percent, perhaps)-in which it is possible to admit that 
water is mainly in the void space around the contact points-and only under non-severe 
conditions of drying. This hypothesis implies that the relationship between the volume 
of water lost by drying and the corresponding change of void volume is equal to the 
initial degree of saturation, i. e.: 

Vw 
 

and therefore, the change of voids is 

 

or in other words, the reduction of voids is greater than the loss of water. 
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Figure 6. Schematic representation of 
heating effect. 

Then, by weighing the samples before 
and after drying, AVw was obtained, and it 
was possible to calculate AVv (Eq. 6), yd2 
(Eq. 4), and finally Yd3 (Eq. 3). 

It is worthwhile to consider that Eq. 3, 
when applied to the 1-samples is not en-
tirely correct, since during the soaking the 
expansion of these samples is tridimensional 
in the initial phase. But the error is neg-
ligible and does not seriously affect the 
density. 

Figure 6, which is a simplification of 
Figure 5, shows that, after soaking, the 1-
sample tends toward a position in the graph 
corresponding to a higher CBR value. There-
fore, Figure 5 explains why the 1-samples 
have CBR strengths higher than the A-samples. 
Furthermore, it allows moderating the re-
sults of Figure 2, clearing up whether the 
eventual scattering of points in this figure 
is due to intrinsic failure of the CBR test. 
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CONCLUSIONS 

There is no doubt about the positive effect of preliminary heating ("dry curing") on 
soil strength. Since 1946, McDowell has called the attention of engineers to this mat-
ter. However, dry curing has not received the attention deserved and little research 
has been done on the subject. 

It is evident that the problem of natural heating concerns mainly the countries having 
tropical climates. But the eventual application of moderate artificial heating is of in-
terest to all soil engineers, from tropical countries (in general, less developed) and 
from temperate and cold countries (more developed) as well. 

The present paper pertains to a given type of soil and to restricted conditions of 
heating (temperature and time of exposure). It seems to the author that it would be 
important to conduct a broader investigation with other soils and condit-ions of heating, 
searching for the benefits from such practice and for the exact limits of technical and 
economical feasibility. 

It is reasonable to assume that sandy and gravelly soils do not show any influence 
from moderate heating. Otherwise, well-graded soils, with fines of medium to low 
plasticity, are probably best for preliminary heating to improve bearing support. 
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Expansion of Soils Containing Sodium Sulfate 
Caused by Drop in Ambient temperatures 
HAROLD D. BLASER, Federal Housing Administration, Sacramento, California, and 
OSCAR J. SCHERER, Nevada Testing Laboratory, Las Vegas, Nevada 

AS EARLY AS 1960 it was recognized that soils containing a high concentration of 
water-soluble sulfates exhibit an expansive phenomenon resembling that of expansive 
clays and frost heave. This condition was observed particularly in alluvial deposits 
in the flat arid areas of southern Nevada and southeastern California. The expansion 
of these soils occurs during ambient temperature drops from daytime temperatures 
of approximately 90 F to below 40 F at night. This expansion caused structural damage 
to lightweight single-story homes in particular and to interior concrete floors, exterior 
flat work, and asphalt driveways. This phenomenon, herein referred to as "salt heave," 
predominantly caused vertical expansion without many of the inherent swelling and 
shrinking characteristics of common clay soil. 

The writers began as early as 1962 to isolate individual parameters of this phe-
nomenon to obtain

'
control of the condition. Only by early recognition of the presence 

of water-soluble sulfate salts in the soil was it possible to control or eliminate heaving 
and resultant structural damage. 

The final test procedure described herein provides a method to evaluate soils con-
taining sodium sulfate salts. 

FIELD OBSERVATIONS AND EVALUATION 

The swelling phenomenon of some surface soils in arid areas is due primarily to 
the characteristics of sodium sulfates and possibly other water-soluble salts. 

Not all soils, however, that contain sodium sulfates exhibit expansive characteris-
tics. It was noted by the writers that soils containing as little as 0. 5 percent sodium 
sulfates may exhibit expansive qualities in greater proportion than soils containing up 
to 10 percent or more. Some soils containing high percentages of sodium sulfates 
show very little expansion. 

Two major behavioral characteristics of sodium sulfate soils were noted by the 
writers: 

Upon evaporation in warm weather, the moisture in the soils containing sodium 
sulfate deposits the salt on the ground surface; and 

When subjected to low ambient temperatures, the moisture in the soils containing 
sodium sulfate forms crystals and increases the soil volume, causing vertical expan-
sion. This expansion sometimes is incorrectly identified as expanding clay rather 
than salt heave. 

Numerous attempts were made in the laboratory to determine the magnitude of the 
expansion taking place. Progress in the program did not occur until the natural con-
ditions that cause the phenomenon were recognized and more closely studied. The 
final procedures were based on the condition that soils for laboratory testing should 
have a similar moisture content, density, sulfate content, etc., as in situ soils have at 
the time the heaving or expansion takes place. Prolonged testing indicated that, within 
a 30-day testing period, measured expansion would fluctuate with day and night varia-
tion of laboratory temperatures. As a result, a closer study of natural temperatures 
and soil moisture conditions was made. 

It is believed that the following two characteristics of sodium sulfate cause expan-
sion of the soil: 
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If Na2SO4  in solution is cooled below a temperature of 90 F, it tends to bind H20. 
One Na2SO4  molecule can bind up to 10 H20 molecules, building the solid phase NaSO4 
10 H20, also known as Glauber's salt. When the temperature rises during periods of 
higher humidity, the sodium sulfate solid phase apparently dissolves in its own water 
of hydration and moves toward the surface in this liquid phase by capillary action. 

Above 90 F, great quantities of Na2SO4  salts are in solution in the moisture of the 
natural soil. At a temperature of 90 F as much as 52 grams of Na2SO4  is soluble in 
100 grams of water. As the temperature decreases, the solubility of sodium sulfate 
decreases rapidly and hydration increases. During this process, the salt crystals ex-
pand against the soil structure. 

Although the principal laboratory and field test work reported herein pertains to the 
Glenwood Housing Tract, other similar problem soils were investigated and documented. 
This phenomenon, however, is found in most soils having certain common characteris-
tics of classification, grain-size distribution, and sodium sulfate content. 

Houses damaged by salt heave usually exhibited the following defects: 

Interior floors, nominally 4 in. thick, cracked and raised in the middle of rooms 
and under non-load-bearing partitions; 

Exterior concrete flat work, nominally 4 in. thick, cracked and raised as much 
as 4 in. or more; 

Carport roof beams, supported on concrete flat work, raised the roof rafters and 
ceiling joists above the wall top plate; 

Exterior walls of lightweight stucco frame construction were subject to damage, 
while block walls were not generally affected; 

Six-in, concrete block fences were subject to damage when footings were placed 
less than 12 in. below finished grade. 

From these observations, it was evident that salt heave affected relatively light 
structures and floors with less than 45-lb/sq ft dead loads. 

In the Glenwood Tract, a salt heave or swell was predominantly parallel to and di-
rectly under the roof eaves or adjacent to lawns and planting areas. 

The salt heave damage, in nearly every instance occurred in the late fall and early 
spring, and always during ambient temperature drops from daytime temperatures of 
90 F to below 40 F at night. 

This salt heave was generally confined to soils containing 0.5 percent sodium sulfate 
and in situ soil densities of 80 to 90 lb/cu ft. Although surface and near-surface so-
dium sulfate concentrations in pockets of up to 40 percent have been encountered in 
many areas, they generally do not exceed 1 to 2 percent over wide areas. 

EARLY TREATMENT 

An early method to counteract the effects of salt heave was accomplished by me-
chanically blending expanding soils with open-grained pit-run gravels in order to in-
crease the void ratio, thereby permitting expansion and minimizing vertical displace-
ment. Other methods of early control included chemical soil treatment by additives to 
stabilize the saline soils by chemical reaction converting hydrating salts to insoluble 
non-hydrating salts. 

Calcium chloride (CaCla as a stabilizing additive) was first used in laboratory re-
search and subsequently in the field at three housing tracts. This produced a satis-
factory restraining result when low sodium sulfate concentrations in soils were en-
countered. The additive was introduced to the mixing water during grading operations. 

Phosphoric acid (H3PO4) was subsequently used, producing similar results. This 
procedure was used with good results on several projects where sodium sulfate contents 
were in the range of up to approximately 1.5 percent and where uniform soil classifica-
tions were ML and OL. The additive was also introduced to the mixing water during 
grading operations. 
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INITIAL LABORATORY TEST PROCEDURES AND FIELD DETERMINATIONS 

Based on the understanding and knowledge of the salt heave phenomenon, laboratory 
work was initiated to attempt to duplicate natural field conditions. A special test 
chamber was developed where temperature variations could be induced and controlled 
between 35 and 120 F (Fig. 1). 

The initial testing program, using the temperature-controlled chamber, was con-
ducted with a 21/2-in. diameter ring and a 2-in, diameter reaction plate (Fig. 2). Re-
sults were erratic because sample-to-ring friction influenced expansion. Using the 
same soils, it was determined that the expansion in the 21/2-in. ring reached a maxi-
mum of 11.4 percent whereas in the subsequently adopted ring molds the same soil 
produced a 17.0 percent expansion (Fig. 3). 

The field investigation included two studies of soil conditions. These tests were 
initiated on the basis of a preliminary outdoor soil temperature measurement during 
an ambient temperature of 32 F. The results indicated a soil temperature increase 
to 65 F at a depth of 18 in. 

Two field investigations were conducted to obtain information necessary to evaluate 
the local salt heave problem; they consisted of the following: 

A study, conducted inside a house, of the effects of simulated ambient tempera-
ture changes on in situ soils to depths of 24 in.; and 

A study, conducted outdoors, of soluble sodium sulfate and soil moisture content 
vs depth. 

The test arrangement for the temperature study included the installation of long- 
stem dial temperature gages to various depths and periodic readings for a term of 9 

days during the heating cycle 
and various readings for a 
period of 15 days during the 
cooling cycle. 	The tempera- 
ture measurements were con- 
ducted by circulating air at 

- 110 F for a period of 7 days 
and subsequently cooled air 
at 50 to 55 F for 15 days. This 
test was carried out in an Un- 

________________ Aluminum Shaft occupied house with a wood 

L 	Shaft Guide, Four Ball Bearings flooring system. 	The results 
..-. of the tests are shown in Fig- 

ure 4, which indicates the mi- 
Chamber Walls, Insulated 

tial temperature rise and sub- 
Circulating Air outlet sequent drop to approximately 

61 F at a depth of 10 to 15 in., • _ decreasing to approximately 
51 F near the surface. 

The soluble sodium sulfate 
Shaft Guide, Four Ball Bearings and soil moisture determina- 
Temperature Gauge tions were made to assist in 

Expansion Dial Gauges the evaluation of the evidently 
important relation between so- 

Test Specimen 
dium sulfate and moisture, and 

Levelling Plate its effect on foundation depths. 
Circulating Aix Inlet. Data in Figure 5 indicate that the 
Thermostatically controlled high sodium sulfate content de- 
Temperature 350  to 1200  F creases with depth and dimin- 

ishes to approximately 0.4 per- 
NOTE: 	Front Chamber Wall cent below 5ft. 	The moisture 
Equipped With Removable 
Plexiglass Window, increases to lO percent at 2.5 ft 

and up to approximately 20 per- 
Figure L Test chamber arrangement. cent at 5 ft. 
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Medium & Low Density Specimens. 
High Density Specimens 	 I 	 Low Ring Friction Allows Some 

Figure 2. Test specimen arrangement, initial program. 
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Figure 5. Soluble sulfate and moisture vs depth. 

4. Sufficient free moisture must be present in the soil to sustain crystallization of 
the sodium sulfate. 

The physical and chemical characteristics of sample No. 3 were as follows: 

Soil classification: 

Grain-size analysis (hydrometer): 

Atterberg limits and indices: 
Liquid limit 
Plastic limit 
Plasticity index 
Specific gravity 
Maximum dry density (ASTM 

Designation D 1557, Method C) 
Maximum wet density 
Optimum moisture 

Chemical analysis: 
Total soluble salts 

Light brown silty clay, some fine to coarse sand CL. 

25 percent minus 5-micron fractions (Fig. 7) 

28.8 (Fig. 8) 
14.8 (Fig. 8) 
14.0 (Fig. 8) 
2.68 

121.0 lb/cu ft (Fig. 7) 
135.0 lb/cu ft (Fig. 7) 
12.0 percent (Fig. 7) 

3.8 percent 

The minus 5-micron soils fractions were composed about equally of non-clay and 
clay minerals. The principal non-clay minerals were calcite, dolomite, quartz, and 
various hydration forms of gypsum, hemihydrate, and anhydrite. The clay minerals 
were mica, montmorillonite chlorite, and minor trace amounts of kaolinite, illite, and 
sepiolite. These determinations were from X-ray diffraction analysis. 

Atterberg limits determinations, made in 1965 with various Glenwood soils (Fig. 8), 
indicated plasticity indices of 9.0 minimum and 18.8 maximum. 

All tests referred to above were performed under dead load surcharge conditions 
varying between 0 and 75 lb/sq ft; Maximum expansion for sample No. 3, shown in 
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I 	 MOISTURE CONTENT '5 
MOISTURE DENSITY CURVE 

MAXIMUM DENSITY DETERMINATION, ASTM DESIG. D1557, METHOD "C 
OPTIMUM MOISTURE 12.0 %; MAXIMUM UkY DENSITY 121.0  LBS./CU. FT. 
SOIL CLASSIFICATION: Light brown silty clay, some fine to c6rse sand (CL) 
SAMPLE: 	Glenwood Housing Tract  

Figure 7. Analysis of blended soil sample No. 3. 

Figure 9, was obtained with a dead load of 5.0 lb/sq ft. The total volume change did 
not materially change although the specimen height varied from 0.25 to, 1.0 in. 

Although various soil densities were used for the research work, the data given 
here are based on 98 lb/cu ft dry density or approximately 81 percent of maximum dry 
density. 

TEST PROCEDURES 
Soils for ring molds 0.25 to 1.0 in. high were weighed for each ring mold volume to 

produce the 98 lb/cu ft dry density and were compacted to substantially uniform con-
ditions. A special mold compaction unit that produced uniform soil densities was de-
veloped and subsequently used. Soils were compacted to 81 percent of maximum dry 
density in 0.25, 0.50, 0.75 and 1.0-in, high rings 3'/2 in. in diameter. The weighed soil 
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Soil Classification: Light brown silty clay; some fine to coarse sand 

Maximum Density Determination, ASTM Desi8. D 1557, Method 'C' 
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Figure 8. Plasticity chart, unified soil classification system. 
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sample was placed in layers and compacted manually with a 1/2-in. diameter brass rod 
or in a special apparatus with a static hydraulic pressure. 

The sample was then placed in the test chamber (Fig. 1) at laboratory temperatures 
of 75 F. A plate (1/4  x 2-in, diameter) was placed in the center of the test specimen. 

When tests were conducted without surcharge loads, the dial gage stem was placed 
directly on the 2-in, diameter plate. When tests were conducted with surcharge loads 
from 0 to 30 lb/sq ft, weights were placed directly on the 2-in, diameter plate and the 
dial gage stem on either the plate or surcharge weight. The shaft with various addi-
tional weights was placed directly on the 2-in, plate to obtain surcharge loads from 30 
to 75 lb/sq ft. 

The sample remained in the test chamber for a period of 1 hour at laboratory tem-
perature to allow for possible expansion due to overcompaction. If no measurable 
change occurred within this time period, as determined by the dial gage, the chamber 
was closed and the cooling cycle started. 

Within 30 minutes (or as soon as the chamber temperature reached 54 to 55 F) the 
volume change was initiated and was continued to nearly peak expansion, which was 
reached within approximately 2 hours. Figure 9 shows the expansion in percent of the 

2.0' Diam. Plastic 

3.468" ID x 4.0" 00 
Plastic Ring 

Plastic 

TEST ARRANGEMENT, SPECIMEN BEFORE TEST 

High Density Specimens 

—.14511  + 	 - 
	 Low Density Specimens 

SPECEN 	
..__.005" 

025' + 

SPECIMEN AFTER EXPANSION TEST; 1.0" RING 

Hreh fln,tv Snimena 

Low Density Specimens 

c) SPECIMEN AFTER EXPANSION TEST; 0.5" RING 

Figure 10. Test specimen arrangement, final laboratory procedure. 
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initial sample height. No appreciable volume change occurred after the initial 2-hour 
expansion period. 

TEST RESULTS 

Figure 2 shows the specimen reaction to the lowered temperature in the 2.5-in. ID 
ring. High vs lower soil density is illustrated by the final specimen height at the ring, 
a height which results from variable friction values. 

Figure 10 illustrates similar specimen expansion at the ring, but due to the greater 
distance between pressure plate and ring, friction does not affect specimen expansion. 
This observation is based on the test data in Figure 9. No appreciable discrepancies 
in total expansion were noted, provided that the height of the sample and the distance 
between pressure plate and ring approximated a 1-to-1 ratio. 

All specimens exhibited expansion by forming an are on top and occasionally an arc 
on the bottom. Because it is not attached to the bottom plate, the ring has free vertical 
movement also. 

During the expansion test no sodium sulfate, such as is deposited by evaporation, is 
visible on the specimen surface except small sodium sulfate crystals that form in the 
cooling process. 

CONCLUSIONS 

The salt heave phenomenon as it occurs in the southern Nevada area is due to 
temperature variations, which usually occur in the fall, late winter, or early spring. 

Soils that contain over 0.2 percent of Na2SO4  in solution and 15 percent or more 
of minus 0.005-mm fractions should always be investigated for salt heave if ambient 
daily temperature variations range from 35 to 100 F and if ample soil moisture is 
available. 

Although proven successful to date, calcium chloride oi phosphoric acid treat-
ment of soils that contain soluble sulfate do not completely eliminate the possibility 
that sulfates in the underlying soil may rise to the surface, ultimately creating the salt 
heave problem again. This condition would, however, be limited to areas exposed to 
hot climatic conditions, but could also be encountered in areas covered by concrete 
floors or asphalt pavement where adequate moisture is available. 

Blending sulfate-laden soils with open-grained material would be a solution. As 
an alternative, finished structural pads should be bullt with imported salt-free open-
grained fill material in order to eliminate cold temperature penetration into lower sul-
fate-laden soil. It should be noted that the streets in the Glenwood Housing Tract were 
not subject to damage. The principal reason for this is the fact that the high-sulfate-
content soils were removed and replaced with the usually open-grained Type I or II 
base course material for a total thickness of 12 in. or more. The addition of 21/2-in. 
asphalt pavement placed the soils subject to salt heave beyond the influence of changing 
ambient temperatures and moisture source. 

This phenomenon of expansion due to sulfate salts can occur separately or con-
currently with other expansive characteristics of clay soils. 

The expansion, which is due to high sulfate soils and which causes damage to 
lightweight structures and principally to concrete slabs, can be reduced with adequate 
surcharge loading. Laboratory testing showed swell reductions from 17 percent to 2 
percent under 75 lb/sq ft loading. 



Influence of Heat Treatment 
On the Pulverization and Stabilization 
Characteristics of Typical Tropical Soils 
E. C. CHANDRASEKHARAN, S. BOOM1NATHAN, E. SADAYAN, and 
K. R NARAYANASWAMY SETTY, College of Engineering, Guindy, Madras, India 

Although laboratory investigations have established the feasi-
bility of stabilizing highly plastic clays with stabilizers such 
as cement, the problem remains of pulverizing and obtaining 
a uniform mixture of the soils with the stabilizers in the field. 
The present work deals with an experimental study of (a) the 
influence of heat treatment on the pulverization characteristics 
of two typical tropical soils (lateritic and black cotton soils) 
with and without addition of salts, and (b) the influence of heat 
treatment and aggregate sizes on the stabilization characteris-
tics of pulverized black cotton soils with 12 percent cement. 

The pulverization characteristics were determined in terms 
of the energy required for the new surface area created due to 
disaggregation caused by low-velocity impact and cutting. The 
susceptibility to stabilization of black cotton soil with cement 
was analyzed from the unconfined compressive strengths of 
soil cement specimens immersed under water after moist-cur-
ing for seven days. 

The investigations show that (a) heat treatment and addition 
of sodium chloride result in a reduction of the plasticity of the 
soils and in a significant improvement in their pulverization 
characteristics; (b) there exists an Optimum sodium chloride 
content of 3 percent and heat treatment of 250 C for two hours, 
at which susceptibility to pulverization is maximum; (c) the 
smaller the aggregate sizes of the black cotton soil, the greater 
is its susceptibility to stabilization with cement; and (d) a 
minimum heat treatment up to 300 C is necessary to improve 
the stabilization characteristics of black cotton soil aggregates 
of sizes % to /16  in. and /16  in. to 7 B. S. with cement. 

SOIL STABILIZATION is normally employed where the soils existing at a site are 
not entirely acceptable in their present state. Although granular soils and lean clays 
have been successfully stabilized with portland cement, lime, and other admixtures, 
attempts to stabilize fat clays in the field have not been very successful owing to dif-
ficulties in pulverizing them into sufficiently small aggregates and obtaining the de-
sired soil-stabilizer mixtures. The stabilization of highly plastic clays involves ade-
quate pulverization of the soil, optimum mixing of the soil with the stabilizer (and water 
if necessary) and compaction. At present the processes of pulverization (or comminu-
tion) and mixing are accomplished with large amounts of energy, and the final stabiliza-
tion of the soil at the site may sometimes prove even more expensive than a complete 
replacement of the clay soil with imported granular materials. 

Comminution involves several physical actions but perhaps the most important is 
the breaking apart of the monolithic soil surface, which has formed into a large, struc-
turally continuous unit through cycles of wetting and drying. Because of the large 
amount of energy involved in breaking the field soil mass, even small economies de- 
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veloped in these processes have a significant value. This suggests determination of 
factors influencing pulverization, theories of size reduction, degree of pulverization, 
optimum aggregate sizes for economical stabilization, etc. Research by Nichols et al 
(8, 91  10, 11), Vilenskii (17), Keen (6), Yoder (20), Shaw et al (15), Grimer and Hose 
(5), Uppal and Bhatia (16), Bose (3), Barbour Cl)-, Chandrasekharan and Chandrasekhar 
(i), and Scott-Blair (1.permits the following observations: 

A granular or lumpy structure is the most desirable characteristic necessary 
from the point of view of plant growth or successful incorporation of stabilizers into 
soils. 

The moisture content of the soil is the principal controlling factor in the corn-
minution and workability of cohesive soils. Normally a friable consistency between 
plastic and shrinkage limit is favorable. 

The most stable soil-stabilizer system is obtained when certain optimum aggre-
gate sizes are used. 

Addition of granular materials or certain salts such as sodium chloride into 
natural soils improves their engineering characteristics and renders them more work-
able in stabilization processes because of greater ease of pulverization. 

Adoption of proper techniques of size reduction, namely cutting action for moist 
soils and impact or attrition for dry soils, yields best results. 

Effective machine design, with proper shape of cutting edges, tools, and mounting 
arrangements can save considerable power and improve the degree of pulverization 
with economy. 

Depending on the consistency of the soil, operations at lowest possible speeds 
can minimize the energy required for comminution. 

There is a definite need to develop theoretical concepts and laboratory techniques 
to determine the pulverization characteristics of cohesive soils and arrive at methods 
to improve their susceptibility to pulverization and hence stabilization. 

The experimental investigations reported in this paper consist of two parts. The 
first part deals with the pulverization characteristics of two typical tropical soils 
(lateritic and black cotton soils) with and without heat treatment and addition of com-
mon salt, and the second part deals with the susceptibility to stabilization with cement 
of the black cotton clay, pulverized and subjected to heat treatment. 

DETERMINATION OF PULVERIZATION CHARACTERISTICS 
OF LATERITIC AND BLACK COTTON SOILS 

Soils Used 

A lateritic soil from Mysore and a black cotton soil from Coimbatore were used in 
the investigation. The origin and occurrence of laterite soils and rocks have been 
described and discussed by Winterkorn and Chandrasekharan (18). These soils are 
formed in situ and are characterized by the leaching of silica and accumulation of iron 
and aluminum oxides. The lateritic soil used in this investigation contains 35 percent 
gravel, 48 percent sand, 13 percent silt, and 4 percent clay (M. I. T. classification) and 
falls under SC or SF in Casagrande's plasticity chart. The differential thermal anal-
ysis (Fig. 1) does not clearly reveal the kaolinite clay mineral, presumably due to the 
presence of impurities in the soil. 

The Geological Survey of India (3) suggests that the black cotton soil may be derived 
from the products of continuous weathering of igneous rocks such as gneiss and trap. 
The black or grey color is due to the presence of titanium along with organic matter. 
In general the black cotton soils contain montrnorillonite and illite minerals to a greater 
extent and are highly argillaceous and somewhat calcareous. They contain a high per-
centage of iron oxide and magnesium and calcium carbonates. The black cotton soil 
used in this investigation contains 4 percent gravel, 9.5 percent sand, 27 percent silt, 
59.5 percent clay (M. I. T. classification), and 4 percent of organic matter and falls 
under the CH group in Casagrande's plasticity chart. The differential thermal anal-
ysis (Fig. 1) indicates the presence of montmorillonite with a very high endothermic 
reaction between 100 and 300 C, a small second endothermic reaction between 500 and 
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600 C, and an exothermic reaction between 
600 and 750 C. 

SOIL 	 Tests on Pulverization Characteristics 

\J 	
The two tests conducted to determine 

the pulverization characteristics were (a) 
BLACK COTTON SOIL 	 low -velocity impact and (b) cutting. The 

former was performed on heat-treated 
0 100 200 300 400 500 600 700 500 900 IOWC 	black cotton and lateritic soils with and 

I K U P K R AT U RE 	
without the addition of sodium chloride 
and the latter was limited to the black 

Figure 1. Differential thermal analysis curves 	cotton soil subjected to heat treatment 
for black cotton and lateritic soils, 	 alone. 

Low-Velocity Impact Test—Various 
percentages by weight of sodium chloride 

(1/2, 1, 3, and 5) were dissolved in suitable quantities of water and the solutions were 
added to the soil aggregates passing a 3/16-in. sieve. The consistency of the soil-
water-salt slurry was kept approximately at the respective liquid limits, namely 55 
percent for the black cotton soil and 20 percent for the lateritic soil. The slurry was 
transferred into wooden molds, 1 in. in diameter and 2 in. high, and the sides of the 
molds were gently tapped in order to obtain a uniform density. The samples were al-
lowed to remain in the molds at the laboratory temperature for 24 hours to allow pos-
sible physical and physicochemical changes to occur. A set of three samples for each 
combination thus obtained was placed in an electrical muffle furnace kept at specified 
constant temperatures of 100, 200, 300, and 400 C. The samples were heated for a dura-
tionof 2 hours. Similar samples were also prepared on the natural soils without salt. 

All the samples were subjected to pulverization in a low-velocity impact test. A 
steel ball weighing 61/4  lb was dropped from a height of 15 in. to fall directly on the soil 
specimen. The fragments of the crushed specimen were sieved through B. S. sieve 
sizes of % and /16 in. and Nos. 7, 36, and 200 and the weight retained in each was de-
termined. From the mean weighted diameter considerations, the new surface area 
created was calculated. The potential surface area present in 100 grams of soil was 
determined for the particle sizes as obtained in a mechanical analysis of the natural 
soil and this area was assumed to represent the basic standard of 100 percent pulver-
ization. The degree of pulverization was defined as the newly formed surface area of 
aggregates of particles due to crushing divided by the original potential surface area 
of the soil particles. Assuming 100 percent efficiency for impact, the energy per de-
gree of pulverization is 

Energy Input 

Degree of Pulverization 

Cutting Tests—The black cotton soil passing a 3/16_in.  sieve was heated at 100, 200, 
and 300 C for 24 hours and allowed to cool to room temperature. Samples of 200 grams 
of the heat-treated aggregates were mixed separately with 10, 15, 20, 25, 35, and 40 
percent by weight of water and compacted in Dietert's compaction apparatus (22) suit-
ably modified so that the same dry density of 1.5 g/cc was obtained. A cutting tool of 
mild steel 7 by 7 by 0.3 cm with the edge sharpened to 0.5 mm in a distance of 2 cm 
was attached to a proving ring in a compression testing machine and the compacted 
samples of 5.1 cm diameter and 5.1 cm high were cut at a rate of 1.27 cm per minute. 
The proving ring readings were noted for every 2.5 mm depth of cutting. 

Discussion of Test Results 

Effect of Sodium Chloride on Consistency—The results of the consistency tests with 
and without salt and heat treatment are given in Figure 2. In the case of the black 
cotton soil, for addition of 1 percent sodium chloride, there is an increase in the liquid 
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Figure 2. Influence of salt and heat treatment on consistency properties. 

limit and a decrease in the plastic limit with a net increase in the plasticity index from 
30 to 35. Further addition of sodium chloride reduces the plasticity index primarily 
due to reduction in the liquid limit. In the case of the lateritic soil, the same trend of 
increase in the plasticity index from 5.5 to 9 is revealed for addition of 1 percent so-
dium chloride. With progressive addition of sodium chloride up to 3 percent, the plas-
ticity index is reduced to that of the natural soil and thereafter there is no further 
variation. The adsorption of sodium ions on the natural soil may explain the increase 
in the plasticity index due to dispersion effects and the decrease at the higher salt con-
tent may be attributed to some sort of a decrease in double layer repulsion (2). This 
effect is, however, not very conspicuous in the lateritic soil because of its poor activity. 

Effect of Temperature on Consistency—The plasticity index for black cotton soil is 
reduced gently in the initial ranges of heat treatment between 25 and 200 C, and there-
after the reduction is rather fast and steady for the temperature range from 300 to 
400 C. This may be attributed to the change in moisture adsorption characteristics 
of the predominant clay mineral of montmorillonite present in the soil. The tempera-
ture effect on the consistency properties of lateritic soil is not significant, because of 
the presence of the weakly active clay mineral kaolinite and oxides of iron and alumi-
num. The plasticity index also remains more or less the same for the ranges of heat 
treatment adopted in this investigation. 

Effect of Sodium Chloride and Temperature on Pulverization—Figures 3 and 4 show 
the results of low-velocity impact tests. An increase in the temperature of the raw 
soil shows a decrease in the energy requirement. For the increase in temperature 
from 100 to 250 C the reduction in energy requirement is quite rapid. Heating the 
black cotton soils after treatment with sodium chloride results generally in a decrease 
in the energy for pulverization. However, the 3 percent combination shows less energy 
requirement than the 5 percent combination, although the plasticity index for the 5 per-
cent combination is less than that for the 3 percent combination. The higher energy 
requirement for pulverizing the 5 percent combination may have to be attributed to the 
possible cementation effects due to crystallization of the greater amount of salt present. 
For a combination of 3 percent salt content and heat treatment at 250 C, the energy 
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Figure 3. Variation of impact energy for unit degree of pulverization with heat treatment and salt 
content for black cotton soil. 

requirement per unit degree of pulverization is the least. Addition of 3 percent salt 
and heat treatment up to 100 C has reduced the energy requirement from 800 to 400 in. - 
lb and this is comparable to the influence of heat treatment alone at 250 C on the nat-
ural soil. 

The influence of addition of sodium chloride to the lateritic soil is more or less the 
same as that for the black cotton soil except that the range of energy variation per unit 
degree of pulverization is very small because of a lower activity of the lateritic soil. 
At 250 C there is a relative fall in the energy requirement and at 400 C the variation 
is negligible. The optimum salt content and optimum temperature for improving the 
susceptibility to pulverization of lateritic soil are 3 percent and 250 C respectively, 
the same as for the black cotton soil. 

The energy spent in cutting the specimen was calculated from the curves correlating 
cutting load and depth of cutting (Fig. 5). The energy required to make the specimens 
fail was determined from the area, enclosed by the curves up to the peak value and 
horizontal axis. Figure 6 shows a progressive decrease in energy requirement with 
increase in heat treatment and the existence of an optimum water content at which the 
cutting energy is a maximum. Close examination of Figure 6 also reveals that these 
curves are more or less a replica of the moisture -density curves obtained in conven-
tional compaction tests. In the present series of tests, the dry density was maintained 
constant and a maximum energy of cutting was required for specimens compacted at a 
particular moisture content, which may be termed as the "optimum moisture for max-
imum energy." With progressive increase in temperature of treatment, the maximum 
cutting energy required reduces with a corresponding increase in the optimum moisture 
content. At the high ranges of moisture contents, the cutting energies are more or 
less the same irrespective of the temperature of treatment. For 15 percent moisture 
content the natural soil (25 C) shows the maximum resistance to cutting while the 
samples heated to 300 C show approximately the least energy of cutting. This leads 
to the obvious conclusion that the natural soil containing 15 percent of moisture content 
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is more difficult to cut than the same soil with higher moisture content. The latter 
condition may therefore seem to be easier for pulverization. From the practical point 
of view however, pulverization may involve a combination of crushing, impact, and 
cutting and as such the maximum energy required for cutting under a particular con-
dition need not warrant a correspondingly higher energy for crushing or impact. On 
the contrary, samples at 15 percent moisture contents could be relatively more brittle, 
and would be more easily susceptible to pulverization by crushing or impact. A more 
comprehensive study would have to take into account all these processes affecting 
pulverization. 

SUSCEPTIBILITY TO STABILIZATION OF HEAT-TREATED 
BLACK COTTON SOIL WITH CEMENT 

The objective was the determination of the changes in grain size and physical prop-
erties of the black cotton soil of different aggregate sizes due to heat treatment and the 
susceptibility of the heat-treated soil to stabilization with cement. The intention of 
heat treatment was not to subject the black cotton soil to high temperatures and convert 
it into an absolutely non-plastic brick-like material but to spend the least possible heat 
energy on the black cotton soil and obtain a soil-cement material of requisite stability. 

Test Procedure 

The black cotton soil was pulverized to different aggregate sizes (3/s  to /16  in., /16 in. 
to B. S. 7, B. S. 7 to 14, B. S. 14 to 36, and B. S. 36 to 200) by means of a jaw crusher. 
Samples of different aggregate sizes were subjected to identification and classification 
tests such as grain size distribution, liquid limit, plastic limit, shrinkage limit, and 
moisture-densityrelationship in a Dietert's compaction apparatus. The consistency 
tests were conducted on the whole soils and not on their -36 (B. S.) fractions as nor-
mally done in the standard tests. The different soil aggregates were subjected to heat 
treatment at constant temperatures of 100, 175, 300, and 400 C for durations of 2 and 
8 hours, and in certain cases for 24 hours also. The heat-treated samples were again 
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subjected to the identification and classification tests mentioned. The aggregates, 
with or without heat treatment, were mixed with 12 percent cement by weight, and six 
soil-cement specimens, 2 in. in diameter and 2 in. high, were prepared at their re-
spective optimum water contents using Dietert's compaction apparatus and moist-cured 
for 7 days. One set of three specimens was tested for unconfined compressive ètrength 
immediately after the curing, and the other was immersed in water for a week and then 
tested for unconfined compressive strength. The rate of strain adopted was 0.05 in. 
per minute. 

Discussion of Test Results 

Influence of Heat Treatment on Grain Size-Typical results of mechanical analysis 
conducted on the black cotton soil of different aggregate sizes subjected to heat treat-
ment are given in Table 1. With an increase in temperature there is a general ten-
dency for a reduction in the colloidal content.from 35 percent to 21 percent and hence 
the formation of non-plastic materials. The samp1s heated to 100 C have, however, 
shown a higher colloidal content of 45 percent and also a relatively higher percentage 
of small size fractions than the raw soil. This strange behavior is to be attributed to 
the possible hydrophilic nature of the organic content (4 percent) in the soil. The re-
duction in the colloid content, and also the increase in the particle sizes for higher 
temperature treatment, are to be attributed to the cementation of small particles and 
formation of stable aggregates called molecular aggregates by Pun (12). 

Influence of Heat Treatment on Consistency-Typical results of consistency tests 
conducted on black cotton soil aggregates of different sizes heated to 100 C and 175 C 
for durations of 2, 8, and 24 hours, and 300 C and 400 C for durations of 2 and 8 hours, 
are given in Table 1. In general, with increased heat treatment there is a tendency 
for a decrease in liquid limit and'an increase in shrinkage limit. The plastic limit 
does not vary appreciably. The net result is a decrease in the plasticity index values, 
and for the aggregate size of B. S. 36 to 200 heated to 8 hours at 400 C, the soil ex-
hibits no plasticity at all because no plastic limit test was possible. In one or two in- 

TABLE 1 

MECHANICAL ANALYSIS OF HEAT-TREATED BLACK COTTON SOIL 

Sieve No. 

Soil Properties 
B.S. 	B.S. 	B.S. 	B.S. 	eS. 

'/o-'/16 in. 	/6 in. -7 	7-14 	14-36 	36-200 

Aggregates at Laboratory Temperature 

Percentage clay 59.5 58. 5 52.5 
Liquid limit 56.0 57.0 60.0 
Plastic limit 27.0 28.0 24.0 
Plasticity index 29.0 29.0 36.0 
Shrinkage limit 6.3 7.0 6.0 
Optimum moisture content 15.90 17.10 20.0 20.30 23.50 
Maximum dry density, g/cc 1.750 1.660 1.720 1.710 1.600 
Unconfined Compressive Strength, psi 

Moist curing 322.00 220.00 214.00 431.00 582.00 
Immersion curing 39.00 57.10 323.00 415.00 441.00 

Aggregates Heated at 300 C for 8 Hours 

Percentage clay 47.50 40.00 35.50 
Liquid limit 38.00 34.00 34.00 
Plastic limit 29.00 24.00 25.00 
Plasticity index 9.00 10.00 9.00 
Shrinkage limit 15.10 15.70 16.20 
Optimum moisture content 16.80. 11.50 16.30 17.50 18.90 
Maximum dry density, g/cc 1.76 1.65 1.80 1.79. 1.68 

Unconfined Compressive Strength, psi 
Moist curing 423.00 265.00 410.00 588.00 606.00 
Immersion curing 224.00 188.00 282.00 468.00 439.00 
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stances the general trend of an increase in the shrinkage limit with increase in heat 
treatment has been reversed. The tendency for the liquid limit to decrease with an 
increase in heat treatment has also been reversed in some instances, particularly at 
low temperatures. For example, in the case of % to /16  in. aggregates the heat treat-
ment up to 100 C results in an increase in the liquid limit with a net increase in the 
plasticity index from 28.0 from the natural soil to 33.0 for the heated soil. The shrink-
age limit also confirms the higher plasticity characteristics. This anomaly could again 
be attributed to the presence of organic matter, the exact behavior of which is still un-
known. Usually the presence of all types of organic materials destroys the plasticity; 
the reason for enhancing the plasticity probably depends on the nature of the organic 
material and one would suspect that such organic materials would provide particularly 
hydrophilic surfaces (12). 

From a study of Table 1 and other data obtained during the investigation, it is seen 
that a minimum heat treatment up to 300 C seems essential for eliminating the hy-
groscopic moisture and rendering the material distinctly less plastic. This is also 
apparent from the initial endothermic reaction in the differential thermal curve up to 
300 C in Figure 1. Bose (3) has reported the conversion of black cotton soil into a 
non-plastic material by heat treatment at 400 C for an hour. Uppal and Bhatia (16) 
indicated such a conversion by heat treatment of 500 C for 2 hours. The present work 
indicates a commencement of the change even at 300 C and completion at 400 C for the 
soil aggregates tested. 

Moisture-Density Relationship—Table 1 shows typical results of tests on the in-
fluence of heat treatment on the moisture-density relationship of the soil-cement speci-
mens. With decrease in the aggregate sizes, there is an increase in the optimum 
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Figure 8. Variation in unconfined compressive strength of cement-stabilized black cotton soil of 
different aggregate sizes with heat treatment for 8 hours. 

moisture content, which may be attributed to the progressively increased surface area 
to be covered by the water films. The maximum dry density shows a high value for 
aggregate sizes of /8  to 3/i6-in., with a decrease for the next smaller size, then an in-
crease, reaching a maximum value before finally decreasing for the aggregate size of 
B. S. 36-200. For higher temperatures of 300 and 400 C, there is a distinct tendency 
for a reduction in the optimum water content. The maximum dry density of 1.80 g/cc 
has been obtained for aggregates of size B. S. 7-14 heated at 300 C for 8 hours and %-
/16 in. healed at 400 C for 8 hours. The least value of 1.56 g/cc has been obtained for 
B. S. 14-36 aggregates heated at 400 C for 8 hours. This is the temperature range at 
which the material has exhibited very little plasticity and is evidently sandy in texture. 
This poor density value has to be attributed to the poor compactibility of the (poorly 
graded) sandy material obtained by heating, whereas the material which gave the maxi-
mum density might be considered to be fairly well graded with adequate fines to permit 
maximum compaction. 

Influence of Heat Treatment on Strength—The results of unconfined compression 
tests on moist-cured and immersed soil-cement specimens are shown in Figures 7, 8, 
and 9. In general, a tendency for an increase in the unconfined compressive strength 
with a decrease in the aggregate sizes is noticed for both sets of specimens. However, 
the immersed samples show a more consistent and reliable trend than the moist-cured 
ones. A comparison of the influence of different degrees of heat treatment shows no 
significant improvement for the immersion-cured strength at 100 C and 175 C for the 
coarser aggregates (/8  to 	in. and /16  in. to B. S. 7). The position is, however, much 
improved for the same aggregates when treated at 300 C, and the best results are ob-
tained for a heat treatment at 400 C. In the case of other small sizes the heat treat- 
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ment has not very much altered the immersion-cured strength except in the case of 
samples heated to 400 C for 8 hours. In most of the cases the smaller aggregate sizes 
of B. S. 7-14, 14-36, and 36-200 show much-reduced strength values for immersion-
cured specimens, probably indicating the creation of too much of a non-plastic material 
such as sand or silty sand, which have smaller unconfined compressive strength values 
than the untreated clay soil of similar aggregate sizes. The decrease in strength, 
however, should not be taken as a deterioration in the quality of the resultant material, 
because a stabilized sand-cement may show higher strength values under confined con-
ditions than a clay-cement under similar conditions (21). The importance of volume 
relationships in soil stabilization is also brought out in the results (19). 

It is clear from the foregoing that the larger aggregates warrant higher heat energy 
and the smaller aggregates may lose strength and stability characteristics at certain 
temperatures higher than an optimum for which best results can be obtained. If un-
confined compressive strengths as determined from these tests are taken as the cri-
teria, over-heating may give rise to non-plastic materials, which may require higher 
cement content for best results to be obtained. The study reveals that the degree and 
duration of heat treatment will have to be tied down to the size of aggregates or clay 
clods that have to be rendered less plastic or workable. Further, it is seen that for a 
given percentage of cement (12 percent in this case), the optimum conditions for maxi-
mum unconfined compressive strength exist not when the soil is absolutely non-plastic, 
but when it contalns certain poorly plastic fractions, which probably render the com-
pacted material more dense and stable. The objective, therefore, should be to obtain 
the best possible structural arrangement of the soil-stabilizer system, which gives the 
requisite strength and stability at a minimum cost and which may involve various opera- 
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tions, namely conversion of the highly plastic clay into a poorly plastic material and 
processing it with a minimum amount of stabilizer. The poor stabilization charac-
teristics of the non-plastic material obtained by high heat treatment have also been 
reported by Bose (3). 

CONCLUSIONS AND RECOMMENDATIONS 

This study on the pulverization and stabilization characteristics of clay soils due to 
heat treatment and addition of salt has led to the following conclusions and recommen-
dations: 

Addition of common salt (sodium chloride) improves the susceptibility of plastic 
soils to pulverization and the energy requirement is minimum for an optimum salt 
content of 3 percent. 

For the test conditions and temperature ranges adopted, heat treatment at 250 C 
for two hours appears to be the desirable minimum to facilitate easy pulverization. 

Optimum pulverization characteristics are obtained for a combination of a salt 
content of 3 percent and a heat treatment at 250 C. 

Whereas the effect of heat treatment may be permanent, the addition of salt both 
on the pulverization and stability characteristics would need further investigation, 
since the salt may be susceptible to leaching and may adversely influence the setting 
of the stabilizer. 

The energy per degree of pulverization as defined in this work forms a useful 
basis for comparing the energy requirements in the pulverization of soils. Although 
the expression for energy per degree of pulverization involves the use of the potential 
surface area of the individual particles of natural soils as obtained from mechanical 
analysis, a more appropriate expression would take into account the surface area of 
optimum aggregate sizes for the soils used and processes involved in a given stabili-
zation work. 

Heat treatment of pulverized black cotton soil at 300 C reduces the black cotton 
soil to a medium plastic material and that at 400 C to a poorly plastic or non-plastic 
one. The reduction in the plasticity characteristics improves the strength of the soil-
cement specimens made of coarser aggregate sizes (a/8  to 3/i6-in. and 3/.-in. to B. S. 7). 
In the case of the finer aggregates, their conversion into non-plastic material has not re - 
suited in any increase in the unconfined compressive strength but only a decrease. The 
decrease in strength may not be taken as a reflection of the quality of the resulting 
material, because a stabilized sand-cement may show higher strength under confined 
conditions than a clay-cement under identical field conditions. Volume relationships 
seem to play a significant role in the stability of such soil-stabilizer systems. 
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Influence of Temperature and 
Other Climatic Factors on the 
Performance of Soil-Pavement Systems 
H. Y. FANG, Chairman, Soil Engineering Division, 

Fritz Engineering Laboratory, Lehigh University.  

Typical climatic and environmental data obtained during the 
AASHO Road Test are summarized. A brief description of 
the instruments, methods of installation, and measuring 
techniques is presented. The influence of temperature and 
climatic factors on the performance of soil-pavement sys-
tems are examined, including the effect of the various cover 
conditions on the seasonal fluctuation of the groundwater 
level, on the depth of frost penetration, and on the tempera-
ture in different parts of the soil-pavement system. In ad-
dition, the influence of temperature on the soil-pavement 
performance as reflected in surface strains and deflections 
is discussed. Finally, the seasonal fluctuations of strength 
characteristics of pavement components and of subsurface 
conditions are evaluated. It is suggested that the data 
available from the AASHO Road Test can provide a useful 
basis on which to develop a more complete understanding of 
the performance of soil-pavement systems. 

THE IMPORTANCE of climatological factors related to the performance of highway 
pavements was pointed out by Eno in 1929 (15). These factors include temperature, 
frost, sunshine, wind, humidity, precipitation, runoff, and evaporation. In 1944 
Winterkorn (31) used physicochemical concepts to explain how these factors affected 
the performance of highway structures. Since then, many investigators have attempted 
to develop measuring techniques and analysis methods that isolate each of these factors. 
Highway engineers believed that moisture content and temperature of pavement compo-
nents, as well as depth of frost penetration and groundwater fluctuation, had the most 
significant effects on pavement performance (5, 13, 32, 33, 36). Ultimately, all these 
factors derive from the thermal regime on the earth surface U'7, 31, 33, 35). 

Guinnee (18) reported information concerning subgrade moisture content and its 
change with time under rigid pavements having various dimensions of the pavement 
components. Russam and Coleman (23) discussed the effect of climatic factors on sub-
grade moisture conditions. Croney, Coleman, and Black (13) showed how the distri-
bution of water in soil is related to highway design and performance. Fang and Schaub 
(16) demonstrated that subsurface conditions influence deflection and strength character-
istics of pavement components. Kolyasev and Gupalo (20) showed the relationship of 
thermal diffusivity and heat conductivity to soil moisture content and density. 

Crabb and Smith (12) studied soil temperature under various vegetation covers. 
Carson (11) analyzed the time variation of soil and air temperature data by use of 
Fourier techniques and discussed the heat-transfer processes operating in soil. 

Kersten and Johnson (10, 19) reported that, both from theoretical and field obser-
vations, frost penetration is greatest in soils with low moisture content and least in 
those with high moisture content. This, of course, is a consequence of the high specif-
ic heat of water. Turner and Jumikis (27) discussed the relationships between surface 
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temperature and moisture content and considered problems of drainage, frost heave, 
and moisture migration in soil upon freezing. Aldrich (4) discussed the fundamentals 
relating to the penetration of frost below highway and airfield pavements. 

Studies of groundwater fluctuation related to climatic factors and soil conditions 
have been reported by several investigators (7, 211  24, 30). 

Winterkorn (32, 33, 34, 35) and Van Rooyen and Winterkorn (28, 29) investigated, 
both the oretically-_  and experimentally, thermal conductivity and mass transport in 
moist soils and similar porous systems. 

The major objectives of this paper are to summarize the typical climatic and en-
vironmental data obtained from the AASHO Road Test; to discuss the effect of the var-
ious cover conditions on the seasonal fluctuations of groundwater level and on the depth 
of frost penetration; to present temperature data for different parts of the soil-pavement 
system; to correlate strains and deflections of the system with temperature; and to 
study the influence of seasonal factors on the strength characteristics of pavement 
components. The, systematic collection of such data is considered a prerequisite for 
comprehensive analyses of the effects of temperature and other cimatological factors 
on soil-pavement systems. 

DESCRIPTION OF THE AASHO ROAD TEST SITE 

The location of the AASHO Road Test is northwest of Ottawa, La Salle County, Illi-
nois. The annual precipitation at the site averages about 34 in., of which about 2.5 in. 
occur as 25 in. of snow. The area has an average mean summer temperature of 76 F 
and an average mean winter temperature of 27 F. Normally, the average depth of frost 
penetration is about 28 in. The soil usually remains frozen during the winter except 
for alternate thawing and freezing of the immediate surface. 

The topography of the Road Test area is level to gently undulating with elevations 
varying from 605 to 635 ft above mean sea level. Drainage is provided by several small 
creeks, which drain into the Illinois River. Surface drainage, however, is generally 
slow. 

Geologic information indicates that the area was covered by ice during several gla-
cial periods and that the present-day subsurface soils were deposited or modified dur-
ing these periods. Surface soils were subsequently derived from a thin mantle of bess 
deposited during a postglacial period. Bedrock, varying from sandstone at the west 
end of the test road to either a clay shale or shaley limestone at the east end, is found 
10 to 30 ft below the surface. 

The test facility was constructed along the alignment of Interstate Route 80 and con-
sisted of four major loops (Loops 3 through 6) and two smaller loops (Loops 1 and 2). 
Loop 1 was not subjected to traffic. 

The road test sections were constructed of one type each of soil, subbase, and base 
material considered typical of national practice. Both flexible and rigid pavements of 
various design thickness were included. Within the flexible pavement sections, four 
types of base were included: crushed stone; regular gravel; cement-treated gravel; and 
bituminous-treated gravel. The details of the construction procedure, field control, 
and variability of the test results are given in the AASHO Road Test reports (1, 26). 

GROUNDWATER FLUCTUATION 

Groundwater levels generally fall in the winter period and rise in the spring. Meyer 
(22) observed in both laboratory and field investigations that groundwater levels fell 
during the winter as the air temperature decreased and rose approximately the same 
amount in the spring as the air temperature increased. Schneider (24) also investi-
gated the relationships of air temperature to groundwater levels. He attributed winter 
water table decline to upward movement of capillary moisture toward the frost layer. 
Willis et al (30) reported that water table lowering was associated with depth of frost 
and was accompanied by increased soil moisture in the frost zone about the water table. 
Benz et al (7) also demonstrated that changes in soil moisture content and water table 
elevation were associated with soil temperature. As the soil temperature decreased 
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during the winter, the water table fell and the soil moisture content increased in the 
surface horizons by migration of water from the subsoil. 

The groundwater fluctuation study at the AASHO Road Test included three different 
cover conditions: under uncovered areas, under rigid pavements, and under flexible 
pavements. In addition, a comparison between nontraffic and traffic areas was under-
taken. 

A total of 26 water table measurement installations were made on the centerline of 
all the test ioops. Four-inch diameter cores were taken from the pavement surface 
and holes were bored to a depth of 16 ft. A sand-gravel mulch was placed in the holes 
to form a base for the pipe through which water table elevations were to be measured. 
The pipe was lowered into the hole with the top of the pipe approximately 1/2  in. below 
the pavement surface. The sand-gravel mulch was compacted around the pipe and 
brought to within 1 ft of the surfaée. On the rigid pavement test sections, a concrete 
mix was placed level to the pavement surface around the top of the pipe. On the flex-
ible pavement a hot-mix asphalt was compacted around the pipe. On the uncovered 
area the water table installations were placed along the fence line of the right-of-way. 
To measure the elevation of the water table at each installation, a portable electrical 
sounding device was designed. The details of the device and the test procedures have 
been reported by Leathers, Fang, and Donnelly (21). 

Groundwater level readings were taken at each location approximately every two 
weeks from August 1958 toJanuary 1961. Figure 1 shows the groundwater fluctuation 
with time for the various cover conditions. It may be seen that the groundwater fluc-
tuations were significantly greater under the nontraffic loop (Loop 1) than under the 
traffic loop (Loop 6). However, under the same traffic conditions, the groundwater 
fluctuations for both rigid and flexible pavements were similar. For the uncovered 
area the groundwater level was closer to the ground surface then for the covered area 
because the rate of infiltration of the uncovered area was greater than for the covered 
area. 

FROST PENETRATION 

A device was developed at the Road Test by which determination of "depth of frost" 
could be made without disturbing the pavement. The system was based on the know-
ledge that the electrical resistance of a soil-water system changes rapidly upon freez-
ing due to a large difference in resistivity between the solid and liquid phase of water. 
Pairs of electrodes buried in the soil at 1-in, intervals of depth were connected to leads 
that extended to the surface. Measurements of the resistance across these electrodes 
indicated the depth to which the soil-water system had frozen. The details of this sys-
tem and test procedure are described by Carey and Andersiand (9). 

Frost depth indicators were installed in both flexible and rigid pavement test sec-
tions. There were 28 installations in the rigid pavement test sections and 16 installa-
tions in the flexible pavement test sections of Loop 1. 

The installations in the rigid pavement tests sections were one per test section and 
were located at a point 1 ft from the pavement edge and 1 ft from a transverse joint. 
In sections with a base, the top of the indicator was placed 2 in. below the top of the 
subgrade. In those sections with no base, the indicator top was placed immediately 
beneath the concrete pavement surface. 

The flexible pavement installations on Loop 1 were located in six test sections. 
Four of these sections had two indicators each, one in the shoulder material at the 
pavement edge and the other at the centerline of the section. The other two sections 
had four indicators each: one in the shoulder material, one at the pavement edge, one 
at the centerline of the section, and one at the centerline of the traffic lane. 

In addition, a total of 20 frost indicators were installed in two test sections in each 
of the other five traffic loops (Loop 2 through Loop 6). These installations were made 
at the pavement edge and at the centerline of the traffic lane. In all installations the 
top of the indicator was placed 1 in. below the top of the embankment soil. Data were 
taken at least once each month during the frost period. 
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Figure 2. Frost depth under various cover conditions. 

Figure 2 shows the mean frost penetration below the pavement surface for the four 
cover conditions studied: (a) no pavement structure; (b) under subbase material; (c) 
under flexible pavement; and (d) under rigid pavement. 

It may be seen from Figure 2 that, in general, frost penetration was greater under 
rigid pavements than under flexible pavements, due to the greater heat conductivity of 
portland cement concrete. However, it should be noted that there was no subbase ma-
terial in the case of rigid pavements. In fact, some rigid pavement test sections had 
neither subbase nor base material. 

TEMPERATURE OF THE SOIL-PAVEMENT SYSTEM 

Soil temperatures have been shown to vary in a somewhat regular pattern, reflecting 
both the annual and diurnal cycles of solar radiation. Superimposed on these regular 
cycles are fluctuations of variable duration and amplitude created by changing climatic 
conditions. Variation of air and soil temperatures have been reported by many inves-
tigators (11, 12, 13, 17, 25). Data are lacking, however, for the temperature varia-
tion within the pavement sections and fOr soil temperatures underneath various types 
of pavement covers. Data presented here show the temperature variation within the 
soil-pavement system for flexible pavements, rigid pavements, and their shoulders. 
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80 AIR TEMPERATURE 	 At the Road Test, thermocouple rods 

70- 	
were used to measure temperatures. For 
the flexible pavements, thermocouples 

60 	 were located in both the nontraffic loop 
ii 	I 	ii I I 	I 	 I I ii 	ii 	(Loop 1) and the trafficloops (Loops 2 

through 6). Six indicators were placed 
FLEXIBLE PAVEMENT 	 at each test section: in both shoulder ma- 
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Bottom 	 terials, at the pavement edge, at the 

Pavement 
00 centerline of the traffic lane, at the cen- 
90 	 terline of the pavement, and at the cen- 

terline of the passing lane. A code des- 80 
cc 	 ZT., Pavement 	

ignation was given to each thermocouple 
70 	 in order to identify the test section, pave- Iji 

60 I I I I 	I I I I 	I 	I I I I I 	I I I I I 	ment component, hole number, and place- 
ment depth. 

RIGID PAVEMENT 	 " 	" 	 For the rigid pavements, thermocouples 
100 	 ' Bottom 

' Pavement 

80

were located in Loop 1 with three mdi- 
90 	 cators per test section. Two of these in- 

dicators were in the center of the section 

70 

 
/Mlddl.\' 

p Pavement 	with one placed at the pavement edge and 
z 

60 	I 	 I I I 	 I 	I 	the other placed 1 ft from the centerline. 
0 	4 	8 	12 	16 	20 	24 	The third indicator was located at a trans- 

	

TIME,HOURS 	 verse joint, 2 in. from the pavement edge. 
These thermocouples were read with a 

Figure 3. Twenty-four hour temperature study of 	recording device capable of automatically 

	

pavement sections. 	 reading 220 thermocouples consecutively 
at intervals of 5 minutes to 1 hour. Se- 

lected readings were made with a Bristol Recording Dynamaster (21). 
Thermocouple data were used in the analysis of rigid pavement curl studies and in 

conjunction with pavement deflection studies for both rigid and flexible pavements. 
Other analyses were made including a study of 24-hour temperature variations, an 
investigation of frost depth-temperature relationships, and a study of temperature-
depth effects. Typical temperature variation curves are shown in Figures 3 to 5. 

Figure 3 shows the results of a 24-hour temperature study and indicates that al-
though temperatures within both flexible and rigid pavement sections exhibited similar 
trends with time to those of the air temperature, the magnitude of variation of pave-
ment temperature was much greater. Figure 3 also indicates that, in the early morn-
ing when the air temperature was low, the temperature of the pavement bottom was 
higher than that of the pavement surface. When the air temperature rose, the tempera-
ture at the top of the pavement surface rose sharply compared with that at the middle 
and bottom part of the pavement. This phenomenon is explained by the concept of heat 
conductivity or thermal diffusivity (17). 

Figure 4 shows isotherms for the soil pavement system of Loop 1 (flexible pave-
ment). The upper part of the figure was obtained when the air temperature was a maxi-
mum (80 F). The lower part was obtained the same day when the air temperature was 
a minimum (49 F). From these curves it may be seen that, when the air temperature 
was at its maximum level, the temperature of the underlying granular material de-
creased with increasing depth under the pavement centerline. When the air tempera-
ture was at a minimum level, the temperature of the underlying granular material in-
creased with depth. In all cases, the ttpenetration?v  of a given temperature beneath 
the surfacing was significantly different from that beneath the crushed stone shoulders. 
When the air temperature was at its maximum level, heat penetrated into the granular 
material and embankment soil under the pavement surfacing to a greater depth than 
beneath the shoulders. 

Temperature vs depth data for a 24-hour period are shown in Figure 5 for a soil-
pavement section with rigid surfacing. It may be noted that, as in the case of Figure 
4, the daily variation in air temperature had little influence on the temperature of the 
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subgrade. However, the depth of influence 
may be expected to be a function of both 
thickness and heat capacity of the pave-
ment materials. 

INFLUENCE OF TEMPERATURE 
ON THE PERFORMANCE OF 
SOIL -PAVEMENT SYSTEMS 

One useful measure of the performance 
of a soil-pavement system is the static 
and dynamic deflection of the pavement 
surface. Studies of the influence of tem-
perature on surface deflections were con-
ducted for both rigid and flexible pave-
ment surfacings at the AASHO Road Test. 

0 	 Rigid Pavements 

	

02C 	
- 	Two devices were used for measuring 

the edge and corner deflections of the 
Oeslgn-6.5 Reinforced Slab-3.0 Subbase 	 rigid pavement sections.. The static re- 
Load-lb Kip Single Asle 

	

.oc 	 - 	bound deflections were measured by means 
of a Benkelman beam deflection indicator 
(2, 6) having a probe length from pivot to 

-0-5 	0 	5 	to 	15 	20 	tip of 10 ft. The Benkelman beam was 
AT, 0 F 	 placed on the shoulder and a standard 

measuring procedure was followed (2). 

	

Figure 6. Effect of temperature on deflection of 	The dynamic deflections were measured 
soil-pavement system (rigid pavement), 	 by use of linear variable differential trans- 

formers (LVDT) mounted in a 3/4-in. di- 
ameter shell and installed at the pavement 

surface. The movable core foot of the LVDT rested on the top of a reference rod. This 
rod was anchored securely to a perforated plate located 6 to 8 ft below the pavement 
surface. 

The pavement strain was measured by use of electrical resistance strain gages. 
The strain gages were cemented at the central transverse joint of each test section. 

Deflection and strain measurements taken during the 24-hour studies are plotted 
(Figs. 6 and 7) against the temperature differential (AT) existing in a 6. 5-in, slab 
selected as a standard. [Temperature differential is the temperature (F) at a point 

1/4  in. below the top surface of the 6. 5-
in. standard slab minus the temperature 
at a point 1,6  in. above the bottom surface, 

	

60 - 	 determined at the time the strain or de- 
flection was measured (2, p.  186).] 

	

50 	
When T was positive, the top surface 

0 	 temperature of the standard 6. 5-in, slab 
was higher than that at the bottom. It may 

	

40 	 . 	 be seen from Figure 6 that, as the tem- 
perature in the top of the slab increased 
relative to the bottom, the pavement strain 

	

30 	
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or deflection decreased. A similar trend 
Load-30Klp Single Axle 	 may be observed in all three cases shown 

	

c 	 I 	 I 	 in Figures 6 and 7. 
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AT 	 Flexible Pavements 

	

Figure 7. Effect of temperature on strain of soil- 	The influence of mat temperature on 
pavement system (rigid pavement), 	 pavement deflection has been studied by 
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several investigators (6, 8, 14, 25). Sebastyan (25) pointed out that the rebound de-
flections of pavements are affected by the mat temperature. He suggested that an 
average deflection change of 0. 002 in. per 10 F variation of temperature may be used 
to correct the pavement deflections to a standard temperature of 70 F. 

A standard Benkelman beam deflection test procedure was used to establish the 
effect of temperature on the deflection of flexible pavement having different types of 
base and pavement thickness. Typical data are shown in Figure 8 in which each point 
shown in the left part of the figure represents the average of all measurements with-
in each ioop for test sections having the same surfacing thickness. Measurements 
were made at four locations in each test section, two in the inner wheelpath and two 
in the outer wheelpath of the traffic lane. A 12-kip single axle load was used on all 
loops. The average base and subbase thicknesses were the same for each surfacing 
thickness. 

The right part of Figure 8 represents data from the special base wedge test sec-
tions of Loop 6 at the Road Test. The surfacing thickness over all base types was 4 
in., the subbase thickness beneath the bituminous and cement base was 4 in., and 
beneath the stone base it was 8 in. A 30-kip single axle load was used in this special 
study. 

The results of the tests indicate that considerable reduction in pavement deflection 
may result from a decrease in mat temperatures. 
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Figure 9. A nondimensional plot of the relationship be-
tween soil-pavement system deflection and wheel load 

(flexible pavement). 

The influence of seasonal 
factors on the performance of 
soil-pavement systems is dis-
cussed in terms of the pave-
ment surface deflections as 
well as the strength of the pave-
ment components. Only data 
for flexible pavements are 
presented. However, similar 
information for rigid pavements 
may be found in the AASHO 
Road Test Report (2). 

Deflection 

The influence of seasonal 
factors on flexible pavement 

deflections have been reported by several investigators (8, 14, 25). The maximum de-
flection of a flexible pavement usually occurs immediately after the spring thaw and 
deflections then decrease to a minimum value by fall. It has been observed that a 
secondary increase in deflection may occur during the latter part of the initial thawing 
period. This is tentatively attributed to a readjustment in the thermal regime beneath 
the pavement when some frozen strata still exist at depth. Deflection may also increase 
in midsummer when pavement temperatures are highest. This increased deflection, 
however, is believed to result from temperature variations occurring in the bituminous 
surface course of the pavement and is usually insignificant when compared with the 
spring thaw deflections. The relationship between deflection and seasonal variation 
appears to be a function of subgrade soil type, total thickness and type of pavement 
structure, and rate and characteristics of the spring thawing. At the Road Test, com-
prehensive studies of this effect with various surface thicknesses were reported and 
similar conclusions were drawn (2, 6). 

Fang and Schaub (16) used nondimensional techniques based on dimensional analysis 
to provide a rational basis for analyzing the Benkelman beam deflection data of flexible 
pavements. Data obtained from the 
AASHO Road Test have been successfully 
analyzed by such techniques.  

Figure 9 shows a nondimensional plot .05  

of the pavement deflection (/t) vs the 
2 	 - spring Period 	I, 3 in. 

	

wheel load parameter i.P/s t ) for the 	.04 
1 	1 	 I 	- - - Foil Period 

	

spring and fall periods. The parameter 	 \ 	
0,6 in. 

	

P is the wheel load, s  is the strength of 	03 	
t3  0.8,16 in. 

	

the surface, is the pavement deflection, 	, 	 P 'P° 

and ç, t2, and t3  are the thicknesses of the 

	

surface, base course, and subbase re- 	.02 

	

spectively. It may be seen that for the 	 " 

	

spring period, for a given thickness of 	.01 	 - 

	

base or subbase, the pavement deflection 	 ----_, ------ 
increased sharply as the wheel load in-  

	

creased. For the fall period, there was 	0 	I 	2 	3 	4 	5 

	

a slight increase in pavement deflection 	
t3/ll 

as the wheel load was increased. 

	

Figure 10 shows a nondimensional plot 	Figure 10. Anondimensional plot of the relation- 

	

of the pavement surface deflection vs the 	ship between soil-pavement system deflection 

	

thickness parameter under a given wheel 	and thickness (flexible pavement). 
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Figure 11. Seasonal variation in strength characteristics of soi I-pavement system (flexible pavement) 

Loop 1. 

load for different base thicknesses for both spring and fall periods. It may be seen 
that, for a given wheel load and strength of asphaltic concrete, the pavement deflection 
decreased as the subbase thickness increased. As the base thickness was increased 
from 0 to 6 in., the pavement deflection decreased markedly. The spring and fall vari-
ations of nondimensional deflection with thickness were similar. 

Strength 

The variation of moisture content, CBR, and elastic modulus over a period of two 
years is shown in Figure 11. All data were obtained from the nontraffic loop (Loop 1). 
It may be seen that, as may have been predicted, there was a tendency for the strength 
of the pavement components to increase as the moisture content decreased. It should 
be noted that tests on the traffic loops have yielded moisture content, CBR, elastic 
modulus, and density values that were different in magnitude from those obtained in 
Loop 1 studies. Normally, moisture contents were less, and CBR and elastic modu-
lus values were greater on the traffic loops than on the non-traffic loops. This is be-
lieved.tobe a result of the additional compaction provided by traffic loads. 

SUMMARY AND CONCLUSIONS 

A brief description of the instruments, methods of installation, and measuring 
techniques used to obtain climatic and environmental data at the AASHO Road Test, 
conducted during the period 1958 to 1961, are presented. 

The influence of temperature and other climatic factors on the performance of soil-
pavement systems can be summarized as follows: 

1. Groundwater fluctuations were significantly greater under the nontraffic loop 
than under traffic loops. Under the same traffic conditions, however, the groundwater 
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fluctuations for both rigid and flexible pavements were similar. For the uncovered 
area, the groundwater level was closer to the ground surface than for the covered area. 

The data indicate that frost penetration was greater under rigid pavements than 
under flexible pavements, due in part to the greater heat conductivity of portland ce-
ment concrete. 

The 24-hour temperature study indicated that temperatures within both flexible 
and rigid pavement sections exhibited trends similar to the air temperature, although 
the magnitude of variation of pavement temperature was much greater. Temperature 
vs depth data for both rigid and flexible pavements show that the daily air temperature 
variation had little influence on the temperature of subgrade soils. 

Correlation of temperature conditions with soil-pavement performance as re-
flected in surface strains and deflections suggests that there is considerable reduction 
in pavement strains and deflections as the mat temperature decreases. 

The influence of seasonal factors on the performance of the soil-pavement sys-
tem is discussed in terms of the pavement surface deflections as well as in terms of 
the strength of pavement components. For illustration, only data for flexible pave-
ments are presented. It is shown that there is a significant difference in both deflec-
tion and strength between spring and fall for both traffic and non-traffic loops. 
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Effect of Temperature on Some Engineering 
Properties of Clay Soils 
JOAKIM G. LAGUROS, Associate Professor of Civil Engineering, University of 

Oklahoma 

The engineering properties of soils are generally measured in 
the laboratory at room temperature. However, seasonal changes 
modify the thermal environment of the soils in the field and 
therefore a concern as to the type and degree of influence of 
the temperature changes on the engineering properties of soils 
is justifiably expressed. 

In an attempt to assess this influence, laboratory studies 
were conducted on four clay soils—a kaolinitic, an illitic, a 
montmorillonitic, and a montmorillonitic-illitic—at tempera-
tures of 35, 70, and 105 F with ± 2 F deviation. The standard 
laboratory tests were run on remolded specimens of soils com-
pacted at their maximum density and optimum moisture con-
tent, and included those tests necessary to evaluate the very 
fundamental properties of liquid limit, plasticity index, uncon-
fined compressive strength, and consolidation. 

In all four soils the liquid limit decreased with an increase 
in temperature. The plasticity index followed the same trend 
with the exception of the kaolinitic soil, in which the plasticity 
index showed a slight increase with temperature increase. The 
unconfined compressive strength data, contrary to other estab-
lished data, indicated an increase in strength with an increase 
in temperature. The illitic soil, however, deviated from this 
tendency by showing a parabolic type behavior with the highest 
value at 72 F. The void ratio-pressure relationships resulted 
in a family of somewhat parallel curves. For the kaolinitic and 
niontmorillonitic soils the curves at low temperature were 
found to be above those at high temperature. On the other 
hand, for the illitic and montmorillonitic-illitic soils the void 
ratio-pressure curve at 105 F was between the 72 F and 35 F 
curves, with the 72 F curve occupying the lowest level. 

It is concluded that since slightly higher densities were ob-
served with temperature increases, the thermal energy effects 
were overcompensated. 

SIN ENGINEERING practice, design values used for soil properties are those deter-
mined either in the field or the laboratory without due regard to temperature. However, 
in testing for research into fundamental soil behavior, it has become apparent that tem-
perature is an important parameter. To bridge this gap interest has recently (!, 2, 
4, 5, 6, 7, 8, 9) been shown in assessing the influence of temperatue on soil engi-
neering properties. 

The present study is an attempt to further help in evaluating temperature effects 
on soils It is limited to clay soils primarily because clay plays an especially ener-
getic role in soil behavior. 
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METHODS OF INVESTIGATION 

Materials 

Four C-horizon soils varying primarily in type and amount of clay were selected. 
Their properties are given in Table 1. 

Laboratory Tests 

The standard laboratory tests performed on all four soils were the liquid limit, the 
plastic limit, the unconfined compressive strength, and the, consolidation tests. All 
specimens were tested at 35, 70, and 105 F with ± 2 F deviation. While this selection 
seems rather arbitrary, it reflects the range within which construction in the field 
takes place. The two extreme values of the temperature range and control of tem-
perature were maintained by a heating and cooling unit (Therm-o-Rite Products Co.). 

As indicated in Figure 1, the liquid limit and plastic limit tests were run in a small 
chamber. The equipment and materials were placed in the chamber 3 hours in ad-
vance of testing to bring them to the desired temperature. 

The unconfined compressive strength test was performed in a closed Lucite cylinder 
on remolded specimens compacted to maximum density at optimum moisture content 
using the Harvard miniature compaction apparatus. The soil, water, and equipment 
had been maintained at the respective desired temperature, but compaction took place 
at ro. 	temperature. Consequently, it will be logical to assume that the 35 F speci- 
mens were prepared at a temperature slightly higher than 35 F and the 105 F speci-
mens at a temperature slightly less than 105 F. As soon as the specimens were pre-
pared, they were stored in the chamber having the desired temperature and kept for 
2 hours prior to being tested. The test densities were also recorded. 

The consolidation test was performed on remolded specimens compacted statically 
in the consolido meter ring (2.5 in. in diameter, 1 in. high) to maximum density at 
optimum moisture content. In the preparation of specimens, the same temperature 
control was exercised as in the unconfined compressive test with the exception that 
the compacting machine was at room temperature. As soon as the specimens were 
prepared, both the ring and the specimens were immersed and maintained in water, for 
24 hours to obtain saturation at the designated appropriate temperature. The standard 
consolidation test was run in a box (Figs. 2, 3), containing water whose temperature 

TABLE 1 

PROPERTIES OF SOILS 

Sample designation N. Carolina clay Illinois clay Texas clay Oklahoma clay 
Sampling location Durham Co., N. C. Livingston Co., ill. Harris Co., Tex. Payne Co., Okla. 
Soil series White Store Clarence Lake Charles Renfrow 
Laboratory designation 	. . 	A B C D 

Textural composition, percent 
Gravel (above 2mm) 0.0 0.0 0.0 0.0 
Sand (2-0. 074 mm) 13.0 10.0 . 	3.0 2.0 

- 	Silt (0.074-0.005 mm) 22.0 38.0 36.0 24.6 
Clay (below 0.005 mm) 65.0 52.0 61.0 73.4 
Clay (below 0.002 mm) 50.0 34.0 40.0 5.0 

Physical properties 
Liquid limit, percent 54 32 65 50 
Plastic limit, percent 25 17 18 22 
Plasticity index 29 15 47 28 

C hem ical properties 
C.E.C.a, m.e./lOOg 36.2 10.8 27.3 18.5 
Carbonates 0.9 22.5 16.6 10.2 
pH 5.4 8.3 8.2 7.5 
Organic matter 0.3 0.7 0.1 0.2 
Non-clay mitieralsb Quartz, feldspar Quartz, feldspar Quartz, feldspar Quartz, feldspar 
Clay minerals1' Kaolinite-halloysite illite Montmorillonite Montmorillonite-illite 

Classification 
Textural Clay Clay ' 	Clay Clay 
AASHO A-7-6 (20) A-6 (11) A-7-6 (20) A-7-6 (17) 
Unified CH CL CH CL, 

°Catioo exchange capacity determined by the ammanium acetate (pH = 7) method on soil fraction less than 0.42 mm. 
bx..,oy  diffraction analysis. 
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Figure 1. Incubator type chamber used for liquid limit and plastic limit test. Heating and cooling unit 
in the foreground. 

Figure 2. Consolidation test apparatus. 
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Figure 3. Temperature control during consolidation test. 

was controlled by the heating unit. In the consolidation measurements the Levermatic 
soil test equipment (C-224) was used. 

In following the one-dimensional two-way drainage procedure, 0.25, 0.50, 1. 00, 2.00, 
4.00, and 8.00 kg per sq cm load intensities were applied through a dead weight lever-
type loading system. For each consolidation pressure, readings at total elapsed times 
of 0, 0.25, 0.50, 0.75, 1.00, 2.25, 4.00, 6.25, 9.00, 12.25, 16, 25, 36, 49 minutes, etc. 
were taken for a period of 24 hours. The consolidation response was measured in 
terms of the coefficient of consolidation, C,,, where 

Th2  cv  - 
and T = time factor, h = longest drainage path, and t = elapsed time. In calculating 
Ci,, T90, and t90, the "square root of time" fitting method was used. For the liquid 
limit, l)laStiC limit, and unconfined compressive strength tests, three determinations 
were used whereas only two were used for the consolidation test. 

From the foregoing it becomes evident that the preparation of specimens did not 
take place at exactly the test temperatures specified. However, for the type of un-
sophisticated equipment used, thermometric measurements indicated that test tem-
perature variation was limited to + 2 F of the designated temperature of the test. 
Therefore, temperature effects should be interpreted with these limitations in mind 
and they should be looked upon as indicating a trend rather than exact quantified 
conclusions. 
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TABLE 2 

RML ENGINEERING PROPERTIES AT VARIOUS TEMPERATURES 

Soil Type Temperature Liquid Plasticity 
Uc1  

Max. Dry Optimum 

Lab Designation (F) (percent) (percent) (psi) °T2 Co ntent 2  (10 	cm 2/sec) 
(percent) 

A 35 54 25 49 97.1 32.6 
(kaolinitic) 70 54 29 52 97.7 	- 25.8 30.7 

105 	- _.--46 30 55 98.0 25.2 

B 35 	. 35 16 87 111.7 11.5 
(illitic) 70 - 	32 15 89 111.7 18.2 10.9 

105 	- / 	31 5 83 111.5 - 	11.2 -. 
C 	- . 	35 	. '80 	... 54 60 102.2 4.1 

(montmorillonitic) - 	-70 	- J 65 	. -- 	47 - -64 102.9 - 22.3 2.5 
- -. 	105 	j--- 56 	.. 33 	- 66 103.2 1.4 

D 35 60 30 67 105.2 - 3.-5 
(montmorillonitic- 70 . 	50 28 71 105.3 	. --21.1 2.7 

illitic) 105 48 - 	26 72 106.1 2.9 

'Unconfined compressive strength. 	2Harvard miniotore compaction. 	3Coefficient of consolidation. 

RESULTS 

The summary of test results is given in Table 2. 	 - 
In all four soils the liquid limit decreased with an increase in temperature (Fig.4). 

Whereas in soils A and C the decrease was pronounced, in soils B and D the decrease 
was small, which, in view of the nature of the test, indicates a tendency rather than a 
decisive decrease. The plasticity index values (Fig. 5) show a definite decrease with 
temperature increase except for soil A; again it may be argued that this displays a 
tendency rather than a definite increase. 

The unconfined compressive strength of the soils, as depicted in Figure 6, increased 
with increases in temperature. Soil B constitutes an exception in that it shows a para-
bolic tendency, the highest strength being observed at 70 F. 

The consolidation e-log p curves for the four-  soils, shown in Figures 7 through 10, 
displayed two distinct patterns. At low temperature, soils A and C have curves above 
those at high temperature, whereas soils B and D deviated slightly from this trend in 
that the 105 F curve lies above the 70 F curve but below the 35 F curve. The same 
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Figure 4. Effect of temperature on liquid limit. 	Figure 5. Effect of temperature on plasticity index. 
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35 	 70 	 105 
F 

Figure 6. Effect of temperature on strength. 

phenomenon was observed for the coeffi-
cient of consolidation, Cv,  which decreased 
with higher temperatures for the A and C 
soils, whereas Cv  values at 70 F were the 
lowest for the B and D soils (Fig.11). 

In reviewing previous studies in this 
area, it is possible to summarize the tem-
perature effects as in Table 3. The ex-
planations for these changes are based on 
the Gouy-Chapman mechanism of double 
layer, the modification of water viscosity, 
and the accompanying effects on the geo-
metric arrangement of the soil particles. 

In this study the lowering of the liquid 
limit with high temperatures is a manifes-
tation of the low void ratio and of the water 
easily draining out; the same reasoning 
holds true for the plasticity index. That 
soil A did not obey this rule, insofar as the 
P1 is concerned, may be ascribable, if at 
all, to the plastic limit test during which 
there has probably takenpiace an exchange 
of heat between the soil and the operator's 
hand to such a degree that it upset equilib-
rium conditions. 

The unconfined compressive strengths 
generally indicated an increase with tem-
perature increases. This contradicts data 
from earlier work (1) wherein low strength 
at high temperatures was attributed to pore 
pressure increase and attendant effective 
stress decrease. The soils studied in this 
case displayed slightly higher densities 
(Table 2) at higher temperatures. Admit-
tedly, the density variations are small 'and 
their dependability may be questioned in 
view of the experimental error. But the 
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Figure 7. Consolidation curves for soil A. 
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Figure 8. Consolidation curves for soil B. 
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Figure 9. Consolidation curves for soil C. 

Figure 10. Consolidation curves for soil D. 
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TABLE 3 

TEMPERATURE EFFECTS ON SOILS 

Diffuse 

Temperature 
Ion-Layer Soil 

Volume 
Void Pore 

Water 
Shear 

Thickness Structure Ratio Pressure Strength 
(net effect) 

High Increase Dispersion Compression Low Increase Drains Low 
out 

Low Decrease Flocculation Swelling High Decrease Absorbed High 

density trend may be helpful in explaining the paradox of strength increase with tem-
perature increase. The increase in thermal energy produces an interparticle bond 
strength decrease but at the same time there is a lowering of the void ratio. It is likely 
that, in the cases studied, the void ratio decrease overcompensated the bond strength 
decrease. That soil B behaved differently is not surprising because this illitic soil 
has shownpeculiar behavior (3). Among the four, soils used in this study, soil B had the 
lowest coefficient of hydraulic conductivity, 3.5 x 10_6  cm/sec (3); this may help ac-
count for the building up of uniform and nonuniform pore pressures at high tempera-
tures that cannot be dissipated easily, and thus low shear strengths resulted. 

The application of the criteria indicated in Table 3 to the consolidation character-
istics of clay soils leads to two predictions. First, at high temperatures low pressures 
suffice to cause the same amount of consolidation as high pressures do at low tempera-
tures; second, at low temperatures consolidation is more rapid than at higher tempera-
tures. Both predictions seem to hold true for soils A and C. At high temperatures the 
occurrence of the lowering of the void ratio implies that consolidation begins at an ini-
tially lower void ratio, and it becomes evident that at high consolidating pressures the 
curves tend to converge, thereby minimizing the difference in temperature effects. Un-
fortunately, the test was not carried out beyond 8 kg/cm2  and therefore it cannot be 
stated at this time whether or not the curves intersect. A similar, but somewhat less 
pronounced, relationship appears to exist among the coefficients of consolidation for 
the A and C soils. Implicit in the picture of voids ratio change is the change in soil 
structure. However, void ratio is not adequate to describe soil structure and it should 
be regarded as only a rough measure of soil structure. Soils B and D, which contain 
illite, departed slightly from the aforementioned description of consolidation behavior. 
To define what happens at 105 F is complex; it can only be traced to the peculiarity re-
sulting from the presence of illite. 

The rebound curves in all four soils present an interesting observation in that they 
fall, for all three temperatures, within a narrow band formed by intersecting lines. A 

possible explanation offered is that, once 

40 

TQ 	 105 	ings, it will be necessary to dwell more 
TEMPEATI)tE.,F 

extensivelyon density studies and on such 
Hgure H. Effect of temperature on CV. 	other factors as activity, pH, and adsorbed 

tne soil is compressea to a pressure of 0 

kg/cm2, temperature effects in the decom-
pression phase are so minimized that de-
lineation becomes difficult. 

To attempt to interpret and project the 
test data in terms of practical or field be-
havior of these clay soils, one is forced to 
accept that at high temperatures the soils 
display higher shearing strength and sub-
side more, but the rate of consolidation is 
slower than at low temperatures. This, 
given the test conditions, should be looked 
upon as a tentative conclusion. 

To substantiate and verify these find- 
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ions, in addition to the type and amount of clay mineral, in order to offer more precise 
explanations of the paradoxical behavior of the clays studied. 
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Effect of Temperature on Elasticity of Clays 
SAKURO MURAYAMA, Disaster Prevention Research Institute, Kyoto University 

.IN GENERAL, clays behave viscoelasticlly under external stress and, moreover, 
such behavior is affected by temperature. I There is some type of clay whose stress-
strain relation can be expressed by a linear relation with a parameter of time, as long 
as the applied external stress is less than a certain critical value or the upper yield 
value. The viscoelastic behavior of the clay skeleton can be analogized with the be-
havior of the mechanical model. The writer has previously proposed (1) a model that 
consists of an independent Hookean spring E. connected in series with a modified 
Kelvin element as shown in Figure 1. -The latter element is composed of a Hookean 
spring E2, a slider at, and a dashpot whose coefficient is obtained from the following 
equation applying the theory of rate process: 

a2 	 a2  
77 = d 2 /dt = 2A . a20  sinh (Ba2 /ci20) 	 (1) 

where a2 is the axial compressive stress distributed on the dashpot, a2o is the magni-
tude of a2 at the initial time when external stress is applied, and E2 is the axial strain 
produced in the dashpot. Aand B are rheological constants expressed as the following 
relations: 

A=A02. exPT ) 
	 (2) 

B= Bo -— 

where A0  and B0  are constants dependent on soil structure, x is Boltzmann's constant, 
h is Planck's constant, T is the absolute temperature of the clay, and E0  is the free 
energy of activation. As represented by Eq. 1, this viscosity of clay is a non-Newtonian 
viscosity or a kind of structural viscosity. This model showed good agreement with 
the experimental results on undisturbed Osaka marine clay, but further adaptability 
for other types of clay will be checked in the future. 

The influence of temperature on the mechanical behavior of clay has been theoreti-
cally explained by several investigators (2, 3), mostly from the point of view of the 
thermal dependence of the viscosity of clay, but that of the elasticity of clay does not 
seem to have been thoroughly investigated yet. In these circumstances, the purpose 
of this study is to investigate the thermal effect on the elasticity of clay, expressed as 
the independent Hookean spring E1 and the Hookean spring E2 in the Kelvin element, 
by applying the theoretical relations existing under the stress relaxation test. 

In the process of mobilizing clay particles, the particles are subjected to the ap-
parent elastic resistance due to the imbalance of the attractive and repulsive physico-
chemical forces induced by the surrounding particles as well as the viscous resistance 
due to the adsorbed water interposed between the particles. Therefore, the elasticity 
of a clay skeleton represented as the spring elements in the mechanical model may be 
partly due to the flexure of thin plate-like clay particles, but a more effective cause of 
such elasticity is rather supposed to be due to the physicochemical interparticle force. 
Moreover, according to the Gouy-Chapman theory, an increase in temperature reduces 
the double layer thickness and this in turn causes the reduction in the electric repulsion 
between clay particles (4). Therefore, it may be expected that the elasticity of clay or 
the elastic constants of the springs in the model can be influenced by temperature. 

194 
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THEORETICAL RELATION UNDER 
STRESS RELAXATION 

The critical compressive stress below 
which a linear stress-strain relation holds 
is denoted as the upper yield value au

. 

The model shown in Figure 1 is valid when 
o< u . IfB~2, or 

B > B 2 /o20 2t 2 	(3) 

the following approximation holds for Eq. 
1 within an error of 2 percent: 

	

S 	 2 sinh (Ba2 /0'20) exp (Bo2/ 20) 	(4) 

Therefore the mechanical behavior of the 

Figure 1. Mechanical model of clay skeleton. 	
model can be expressed by the following  
equations: 

E + E 	 I 

E 1 T/E1 	 I 

de2/dt = A 	exp (Bi2/0'20) 	 (5) 

where 
- 	 a2 =c-a,-E221 c20=c- a

t,
) 

The relaxation of stress in a clay skeleton under a constant axial initial strain(0 
can be analyzed through solution of Eq. 5 under the following condition: 

E = C1 + E = 	 - 	 (6) 

Since E is zero at t = 0, stress in a clay skeleton at t = 0 is obtained as 

(7) 

Substituting the second equation of Eq. 5 and Eq. 6 into the fourth equation of Eq. 5 
becomes 	 - 

or? = £(E1 + E2 ) cy - E1ci - E1E20] /E1 	 (8) 

Similarly, from Eqs. 5 and 7, a20 becomes 

(9) 

By substitution of Eqs. 8 and 9 into Eq. 3, the validity condition for cy is transformed 
as 	

(OEia~E, 	 --)] 	
(10) 

The fundamental equation of stress relaxation is obtained by eliminating from the 
third equation of Eq. 5 as follows, provided that B is large and exp (- 'B) is negligibly 
small: 	 S 	- 

	

cy=F 

	[(C0
+) 

- 
(E _j)'og (Rt)] 	 (11) 

where - 	 - 

R=A-B(E+E2) 
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If a is beyond the limit expressed by Eq. 10 and at t -, a is obtained by substitut-
ing a2  = 0 into Eq. 8 as follows: 

at 	= E1+E2 (E0  + 	
) 	

(12) 

It is shown from Eqs. 11 and 12 that the stress a decreases linearly with the loga-
rithm of time until a reaches the limiting value expressed by Eq. 10 and finally it re-
laxes to a finite value of at _.. Because this relation is valid only when a s au,  the 
critical initial strain Eoc beyond which the instantaneous axial stress exceeds au  is 
given by 

Oc = au/Er 
	 (13) 

Eliminating eo from Eqs. 7 and 12, we obtain 

E2= 
at 	

. E1 a.E1 	 (14) 
at = 

By differentiation of Eq. 11, we obtain 

/ 
cia 	- 	E1 2 	i _L' 	 (15) 

dlogt - B(E1 + E2) tQ E1 ) 

Substituting Eqs. 2, 7, and 14 into Eq. 15, we obtain 

- da at. O at- T  ata T 
	 (16) 

dlogt 	Ba 	 a. Bo 

If a certain temperature Ta  deg K is adopted as a standard, Eq. 16 is transformed 
as 

k.a.Bof cia \ 
at 	Ta 	\ dlogt ) + 

(17) 
where 

kTa/T, ce = E2/Ei 

From Eq. 14, at, is given by 

	

__ 	 1 
at,a,=l+aat=O+1+aa. 	 (18) 

When the second term a,J(1 + o) of the right-hand side of Eq. 18 is negligibly small 
compared with the term of the left-hand side, Eq. 18. can be written approximately as 

(19) 

STRESS RELAXATION TESTS UNDER UNIAXIAL STRAIN 

The specimens used for stress relaxation tests were of undisturbed clay obtained 
from the Osaka diluvial layer. The results of physical tests of the clay are as follows: 
specific gravity, 2.57; L. L., 76.2 percent; P. L., 30.7 percent; contents of clay, silt, 
and sand, 45, 38, and 17 percent respectively. 

The maximum preconsolidation stress measured by oedometer tests is 3.8 kg/cm2. 
The lower yield value aj, measured by flow tests is 0.01 kg/cm2. The upper yield value 
au is determined as the stress corresponding to the first inflection point of the stress- 
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strain curve on logarithmic paper, which 
is obtained by a stress -controlled undrained 

- 	 test whose load is added in equal increments 

/ 	 at uniform time intervals. By this pro- 
06: 	/ 	 cedure , is determined as 1.75 kg/cm2  cy 	 at 35 C, 

b 	
,/ 	 as shown in Figure 2. The cylindrical clay 

04 	/ 	e=35c 	 specimen (height 8.0 cm, diameter 3.57 
cm) was covered by a thin rubber membrane 

02 
QI 02 	06080 	20 	

and was placed in a triaxial compression 
cell of a plastometer. This plastometer (2) 

(%) 	 consists of a triaxial compression testing 

Figure 2. Logarithmic relation of stress vs strain 	
unit and a recording and controlling unit. 

in stress-controlled compression test to determine 	
In the case of the stress relaxation test, a 

upper yield value, 	
constant axial deformation applied on the 
specimen can be read on the scale indi- 
cator of the plastometer and its response 
in the axial stress is automatically and 

continuously recorded by the recording unit. In the cell of the testing unit, water of 
definite temperature but of ho pressure was circulated to keep the specimen at con-
stant temperature. After the temperature of tile specimen reached the equilibrium 
state, constant axial strain was instantaneously applied on the specimen under un-
drained condition, then the axial stress a was recorded electronically with the time 
by the plastometer. 

Examples of the results of the stress relaxation tests at 30 C for various initial 
strains (E = 0.25, 0.5, 0.75, 1.00, 1.50, and 2.00 percent)reproduced from the recrods 
are shown in Figure 3. This figure shows that the axial stress a decreases proportion-
ately with the logarithm of time for some period and finally approaches a finite value 
at.= as predicted by Eqs. 11 and 12. Therefore from the record of the plastometer 

t (mn) 

Figure 3. Curves representing axial stress vs elapsed time relation during stress relaxation. 
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the initial axial stress at = o caused by the instantaneously applied strain can be read 
and from Figure 3 the rate of stress relaxation doy'dlogt  and the final axial stress at 
can be measured for each applied initial strain €0  and each temperature 0 C. 

EXPERIMENTAL RESULTS 

The similar stress relaxation tests indicated in Figure 3 were performed under 
various temperatures, namely e = 10, 20, and 40 C. From these tests, values of 
at = o at-., and da/dlogt were observed in the various cases of c and 0. The follow-
ing consideration will be developed on the basis of these values. 

If the standard temperature Ta (Ta = 273 + a) defined in Eq. 17 is adopted as 313 
(0a = 40 C, Ta = 273 + 40 = 313), the value of K in Eq. 17 is given by 

K_Ta_ 313. 
- T 	9-1-273 

According to the theoretical consideration, the relation between da/d logt and at. 
and that between at =0  and at 	can be represented by Eqs. 17 and 19, as long as the 
applied initial strain € is less than the critical strain expressed by Eq. 13. Therefore 
i'f observed values of A (— da/d log t) and at = 0 are plotted against at -. on a natural 
scale, these relationships are expected to be represented by straight lines extending 
to a certain limit. Figure 4 shows these relationships obtained by plotting all the 
observed values. Since the plotted points within a certain limit will lie along two 
straight lines starting from the vicinities of the origin of axes as predicted by Eqs. 
17 and 19, the experimental relations can be expressed by the following linear equations 
independent of temperature: 

at 	= (2/3). 01 = 0 

	

at.-a9.5[K( 
	dor 
- d log t 	

(20). 

0.01 kWcm2  

Referring the first equation in Eq. 20 to Eq. 19, a is given by 

a 	2 (where a = E2/E1) 	 (21) 
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This relation shows that the values of elastic moduli E1, E2  are proportional to each 
other irrespective of temperature. Moreover,, in Figure .4. the experimental relation-
ship between t = 0 and at , . is represented by a straight line for whole value of at = o 
From this result, therefore, the linear relation between E1  and E2  seems to be still 
valid even if co  exceeds the critical strain Eo  

While the linear relationship between K(— a/d log t) and at 	is valid only within a 
certain limit of the straight line as shown in Figure 4, in the region beyond this limit 
the relationship deviates from this straight line and is represented by a short, gently 
inclined line. Therefore the relation between da/d log t and at 	seems to be affected 
by the applied initial strain 

In order to investigate the effects of c on the values of at = o at 	, and da/d log t, 
these experimental values are plotted against EO as shown in Figures 5, 6, and 7. These 
figures show that these relationships are linear within the same strain range up to 
about 0.95 percent of 	where they deflect to become a gentler gradient. Since the 
strain corresponding to the deflection point should be the critical initial strain Eoc,  it 
can be said that the value of coc  is kept constant independent of temperature. 

In order to observe the influence of temperature on at = 0' at 	, and da/d log t, 
Figures 5, 6, and 7 are rearranged as shown in Figures 8, 9, and 10, respectively. 

From each set of at = 0 lines in Figure 5 and at 	lines in Figure 6 corresponding 
to the same temperature, the elastic moduli E1  and E2  at this temperature can be com-
puted through Eqs. 7, 19, and 21. In Figure lithe elastic moduli thus computed, are 
plotted against co . From these figures, it is observed that E1  and E2  at a certain tem-
perature are kept constant within the limit of coc, but beyond this limit they decrease 
with the increase of E0. This suggests that the fracture in the clay skeleton proceeds 
with the applied strain exceeding the value of coc,  The effect of temperature on the 
elastic moduli is shown in Figure 12, in which the constant elastic moduli shown in 
Figure 11 are plotted against their respective temperatures. From-these figures it 
can be concluded that the elasticity of clay decreases with the increase in temperature. 

As stated, the value of EOC  is kept constant independent of temperature and E1  at a 
certain temperature is also kept constant as long as c is less than coc, and therefore 

the value of E1  at a certain temperature 
can be calculated by the data shown in 
Figure 2. In Figure 2, since the upper 

	

3.O 	
e- oc 	yield value of this clay is 1.75 kWcm2  at 

	

I 	 35 C, the value olE1  at this temperature 

Figure5. Relationship between initial axial'stress 	Figure 6. Relationship between final axial stress 
atO and initially applied axial strain E. 	 at 	and initially applied axial strain 
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Figure 8. Relationship between initial axial stress 
at=O and temperature 9. 

E1  = au/Eoc = 1.75/0.0095 = 185 kg/cm2 	 (22) 

Referring the theoretical equation of Eq. 17 to the experimental relations of Eq.21 
and the second equation of Eq. 20, a rheological constant Bo can be obtained as follows: 

Bo= 9.5 Ta 
= 2 Ta = 4.75 Ta 	 (23) 

Q25% 

b 

0.I 

0 	10 	20 	30 	40 

0 (0c) 

Figure 9. Relationship between final axial stress 
and temperature 9. 
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Figure 11. Elastic moduli related to initially ap- 	Figure 12. Relationship between elastic moduli 
plied strain under various temperatures. 	of the mechanical model shown in Figure 1 and 

temperature. 

Hence B is expressed as 

B = B0/T = 4.75 313/(e + 273) 	 (24) 

Computed values of B from Eq. 23 for 0 = 10, 20, 30, and 40 C are 5.25, 5.07, 4.90, and 
4.75 respectively. This relation is represented by a curve in Figure 13. 

RELATION BETWEEN THE RESULTS OF STRESS RELAXATION 
TESTS AND FLOW TESTS 

Solving Eq. 5 under the condition of a = constant, the equation for normal flow is 
obtained as 

=j- ++ BE2 log(A B E2 • t) 	 (25) 

By the differentiation, we get 

1_ de 	1 	
26 

dlogt 	—ci 

The uniaxial compression flow tests under undrained conditions were performed on 
the same clay sample used on the stress relaxation tests. Figure 14 is the relation-
shipbetween dE/d log t and applied stress a obtained by the flow tests at 20 C. From 
this figure, the lower yield value a, is read ad 0.01 kWcm2.  Figure 15 shows curves 
representing the flow strain E against time t relation obtained by the flow test of ci = 1 
kg/cm2  under various temperatures (e = 10, 20, 30, and 40 C). Applying the value of 
d€/d log tin Figure 15 to Eq. 26, BE2 can be computed. 

In the flow test shown in Figure 15, the initial axial strain ct = 0 when the load is 
applied was also observed for each temperature condition. Measured values of q = 0 
for 0 = 10, 20, 30, and 40 C were 0.393, 0.419, 0.623, and 0.705 percent, respectively. 
Applying these initial strains to Eq. 7, values of E1  are obtained. Besides, since Eq. 
21 may also be valid for this clay under the flow testing, E2 can be obtained by multi-
plying the El  obtained above by a. From the yalues of BE2 and E2, B can be computed 
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Figure 15. Curves representing axial strain iE vs time t relation during flow under various temperatures. 

for each temperature condition, and the computed values of B. are plotted in Figure 13 
as points. In the figure, these points .do not lie well on the line obtained by the stress 
relaxation tests. . But this discrepancy may be supposed to be due mainly to the hetero-
geneity of the undisturbed diluvial clay sample. 

CONCLUSIONS 

Because clay is a viscoelastic material, it is necessary to investigate its mechani-
cal behavior from the point of view of its elasticity as well as its viscosity. The me-
chanical behavior of the clay skeleton whose stress and strain are expressed by a 
linear relation with a parameter of time has been simulated by the model shown in 
Figure 1. The viscosity of clay is influenced by temperature as suggested in the flow 
behavior at various temperatures. Similarly, the effect of temperature on the elasticity 
of clay can be investigated by the behavior on the stress relaxation tests at various 
temperatures. In this study the effect of temperature on the elastic moduli in the 
model is investigated. The main results obtained are as follows: 

1. The behavior of Osaka marine clay under the stress relaxation test is well pre-
dicted by the mechanical model proposed by the writer. 
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As the value of the rheological constant B obtained by flow tests practically 
concides with that obtained by stress relaxation tests, the equations of Eq. 5 are veri-
fied to express the behaviors in both testing procedures, irrespective of temperature. 

Elastic modulj E1  and E2  are kept constant within the limit of a critical initial 
strain Loc,  but beyond this limit they decrease with the increase of initial strain. The 
latter behavior suggests the occurrence of a fracture in a clay skeleton 

The critical initial strain coc is kept constant independent of temperature. 
Ratio of E1  to E2  is constant independent of temperature and also seems to be 

constant independent of the magnitude of applied initial strain C
o. 

Elastic moduli E1  and E2  measured within the limit of eoc  decrease with the in-
crease in temperature. 
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Effect of Temperature on Strength 
Behavior of Cohesive Soil 
CALVIN A. NOBLE and TURGUT DEMIREL, 
Iowa State University 

The objective of this study was to determine the effect of tempera-
ture on peak shearing strength and creep behavior of two cohesive 
soils and thus to characterize their behavior in terms of more fun-
damental parameters than is the current general practice. A simple 
model for soil based on bonds at interparticle contacts and an equa-
tion for rate of deformation of a stressed soil mass are proposed 
and shown to be consistent with observed soil behavior. The same 
model and equation were found to apply to soil behavior in both di-
rect shear and creep tests. 

The study was conducted on remolded, statically compacted spec-
imens of a highly plastic clay and a low-plasticity silt using a direct 
shear machine. The machine was modified to permit control of 
specimen temperature and for use as a controlled stress apparatus 
as well as controlled rate of deformation. 

THE SOLUTION of engineering problems involving soils consists of three basic steps: 
(a) determination of soil properties, (b) determination of changes in stress or,  in other 
environmental conditions, and (c) prediction of the behavior of the soil when subjected 
to the changes. Of these, the weakest is the understanding of the properties of soils. 
Although testing methods have been refined to a high degree and behavior under known 
conditions can be observed, the reasons for the behavior are most often a matter of 
conjecture. In particular, the shearing strength of cohesive soils has been the subject 
of much controversy and study from the earliest consideration of soil as an engineering 
material. The late Donald W. Taylor (33) in 1948 wrote, ". . . no physical property 
of cohesive soil is more complex than the shearing strength. This property depends 
on many factors, and the individual factors are themselves complicated but, in addition, 
they are inter-related to such a degree that it is extremely difficult to understand their 
combined action." 

One of the maj or reasons for the difficulty in understanding the behavior of cohesive 
soils is that they interact with water and show colloidal behavior. At low water con-
tents clays exhibit high strength due to water films surrounding individual grains, but 
their strength rapidly decreases as water content increases. The nature of these water 
films and their influence on the strength behavior of clays is not well understood at 
present. Since the viscosity and density of water and the nature of the diffuse double 
layer vary with temperature, a study of the effect of temperature on the strength be-
havior of clays should aid in understanding fundamental properties of clays and in par-
ticular their shearing strength. The effect of temperature on the shearing strength of 
cohesive soils and its use to characterize their behavior has been considered relatively 
little to date. 

THEORETICAL CONSIDERATIONS 

A simple model of cohesive soil may be envisioned on the basis of bonds formed at 
interparticle contacts due to an oriented water structure in the adsorbed water layers 
adjacent to clay particles. Various concepts of the nature of the adsorbed water have 
been proposed (15, 18, 20, 27), and there is general agreement that at least the first 
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few layers of water are strongly bound to the mineral surfaces. The high energy of 
adsorption of water (30) seems to preclude any direct mineral-to-mineral contact but, 
when two particles are in close proximity, their adsorbed layers intermix and form a 
continuous structure in this zone causing the particles to be bonded. Similar concepts 
of bonding were suggested by Terzaghi (34). In a study of Lilla-Edet clay, Bjerrum 
and Wu (5) found a peak in the curve of cohesion vs consolidation stress for stresses 
below the preconsolidation pressure. They suggested rigid bonds between particles of 
the undisturbed clay similar to a chemical cementation. Low (19) stated that clay and 
other minerals affect the water molecules to give a quasi-crystalline structure which 
possesses greater rigidity or viscosity than ordinary water. He suggested that the 
orderliness of this water structure decreased with distance from the mineral surface 
but that the influence may be from 200 to 300 1 from the surface. Exchangeable ions 
tend to disrupt this structure to a degree depending on their charge, size, and degree 
of dissociation. This was investigated by Leonards and Andersiand (16) by means of 
controlled freezing of soils. As more of the free water was frozen the ions were con-
centrated in the adsorbed layer causing greater disruption of the water structure and 
subsequently a decrease in strength. 

There is evidence to suggest that the formation of these bonds is time-dependent. 
Leonards and Rahmiah (17) found a quasi -pr ec ons olidation pressure in specimens after 
a period of rest under a load in the normally consolidated range. This is probably re-
lated to the gain in strength during secondary consolidation reported by Crawford (7). 
The phenomenon of thixotropy in clays (8, 29) also suggests time-dependence of bond 
formation which takes place through a gradual orientation of the water molecules into 
positions of least free energy under the influence of the surface energy of the particles 
and hydrogen bonding between the water molecules. 

Stresses applied to the particulate system are transferred through these bonds and 
deformation of the system occurs by distortion and breaking of bonds. Deformation 
of a clay mass under low stresses probably occurs largely through deformation of the 
bonds but, in a completely random system, there will probably be some particles or 
domains in such an orientation that any virgin deformation will cause some bonds to 
break. It is, therefore, doubtful that truly elastic deformation can occur except in 
cases where the system has been prestressed under the same stress components. This 
condition is approached in preconsolidation but even then a hysteresis effect generally 
occurs. Higher stresses will cause disruption to most susceptible bonds first and, as 
stresses become higher, all bonds in the zone of stress will tend to be disrupted, giving 
rise to plastic deformation. With deformation, new bonds will tend to form at points of 
contact but, since formation is time-dependent and reorientation of particles tends to 
occur with deformation, the new bonds will be weaker than those existing prior to defor-
mation. The process of shear deformation will then consist of bond deformation, bond 
breaking, and bond formation; the latter processes are similar to the "jumping of bonds" 
suggested by Tan (32). Immediately following the breaking of a bond, an unstable con-
dition exists that may be referred to as the "activated state" in which the "contact zone" 
between particles consists essentially of oriented water. The resistance of deforma-
tion would be very low, depending only on the viscosity of the water. An increase in 
temperature increases the thermal energy of the water molecules forming the bonds 
and thereby effectively lowers the resistance of the system to deformation. 

Since the particles in a soil mass exist in a large variety of orientations and spac-
ings, a statistical approach is reasonable in considering the stress-deformation be-
havior of the mass based on a particulate model. The breaking of a bond involves over-
coming an energy barrier and then reaching a new equilibrium state. Thus, the rate 
at which bonds are broken and reformed under a given stress condition should be related 
to an activation energy and should be a function of applied stress. This is illustrated 
in Figure 1. The energy barrier is expressed as activation free energy, which is AG 
in the unstressed mass. Application of a shearing stress tends to reduce the barrier 
height by an amount that is some function of the applied stress r. 

If deformation involves units surmounting an energy barrier, it may be assumed that 
the rate of deformation is given by an equation of the form of the Arrhenius equation, 
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Figure 1. Energy barrier. 

which suggests that the rate of deformation is proportional to the fraction of bonds with 
sufficient energy to surmount the energy barrier. Further, an applied shear stress, 
r, will tend to decr.ease the effective barrier, and the amount of decrease may be rep-
resented by an energy term 'i. As illustrated in Figure 1, this gives 

AG - 	 = Ga+ 	 (1) 

and the deformation rate may be expressed as 

= A' exp (_G+ IT) 	 (2) 
kT 

where 6 is the rate of deformation, A' is a frequency factor, and exp (_G kT) is 

the Boltzmann factor representing the fraction of bonds with energy equal to or greater 
than Ga. From thermodynamics, the activation free energy may be written as 

AG = AH - TS 	 (3) 

where AH is the activation enthalpy, AS the activation entropy, and T the absolute tem-
perature. If it is assumed that AS is independent of temperature, it may be included 
in the pre-exponential term. Further, letting 

	

=l3 	• 	 (4) 

and combining Eqs. 2, 3, and 4 gives the basic equation for deformation rate, 

= Aexp (4.) exp (,r) 	 (5) 
kT 

where the pre-exponential term A includes the entropy. In the substitution of Eq. 4 it 
is assumed that A is independent of temperature and this assumption is substantiated 
by the experimental data. 
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Equation 5 is essentially the same as the relation suggested by Dorn in 1954 on 
phenomenological grounds as applying to creep of metals. Dorn was concerned about 
the limitation that Eq. 5 implied a finite creep rate under zero shearing stress, and 
to overcome this he assumed that for low stresses the exponential stress function could 
be replaced by a power function T n, thus implying different mechanisms at high and low 
stresses. It would appear more appropriate, based on the proposed model, to con-
sider that the mechanism remains constant regardless of stress level. When T = 0, 
Eq. 5 becomes 

= A exp(j
kT  

) 	 (6) 

Substitution of experimental values of A, AH, and reasonable values of temperature for 
a clay-water system into Eq. 6 gives values of deformation rate so small as to be es-
sentially zero. Further, when no stress is applied to the system, the deformation has 
no directionality and the meaning of Eq. 6 is probably related to bond changes in the 
system due to thermal agitation and may be related to thixotropic hardening of the ma-
terial. 

A similar approach to the problem of creep based on Eyring's rate process theory 
(9, 10, 11) has been proposed for metals (14), for bituminous materials (12), and for 
soils (2, 21, 23, 24, 25). In this approach, the rate of deformation is given by 

= A exp (
H

)sinh  (t) 	 (7) 

When shearing stress is zero, the hyperbolic sine is zero and thus the creep rate is 
zero. However, for stresses of engineering interest, A'r/kT will have a value greater 
than one and therefore the hyperbolic sine is reasonably approximated by the exponen-
tial as in Eq. 5. Kauzmami (14) suggested that for some cases the exponential relation 
may be more valid even when stresses are relatively low. 

The energy term ' T introduced into Eq. 1 may be interpreted as the mechanical 
energy (free energy) absorbed by a bonding unit in surmounting the energy barrier. 
This energy is expended only if the barrier is surmounted; otherwise it is stored in de-
forming a bond. From the dimensionless group WTAT  it can be seen that ' has di-
mensions of volume. This is interpreted to be the average volume of material contain-
ing one bond. As the number of bonds per unit volume of soil increases, the size of 
the zone of influence of a bond decreases. This may occur as a result of increased 
confining pressure or a decrease in temperature. This interpretation agrees with that 
of Andersiand and Akili (2) who refer to as the volume of a flow unit. In the deriva-
tions based on rate process theory (11, 21), the energy term 'r arises as the product 
fX/2 where f is the shearing force per interparticie contact and X is the distance be-
tween successive equilibrium positions. This is also in essential agreement, since it 
is reasonable to assume that the distance between successive equilibrium positions 
would be the dimensions of one side of a flow unit. From the foregoing, ' and thus fi 
may be expected to vary with mineralogy and confining stress. As stated earlier, 9 is 
independent of temperature and thus ' must vary directly with the absolute temperature 
in conformity with this interpretation. 

The pre-exponential term A in Eq. 5 was assumed to include the entropy of activa-
tion and appears to be most related to the soil structure. The relation between entropy 
and order in a system is well established in statistical thermodynamics. Factors that 
affect structure in a soil include consolidation conditions and water content. The known 
behavior of clays (4, 13) indicates that strength varies approximately linearly with con-
solidation stress and normal stress during shear and exponentially with water content 
at failure. Since a small range of water content variation was used in the experimental 
program, it was assumed for simplicity that the relation with water content was linear. 
Before these variables are included in the relation for deformation rate, the relation 
between strength and deformation rate must be considered. 

A convenient form of Eq. 5 is obtained by taking logarithms: 
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In 	= lnA - 
AH 

+PT 	 (8) 
iFT 

For the case of direct shear tests, the shear stress is the dependent variable and Eq. 
8 may be written in the form 

(AH-- T = + In - mA) 	 (9) 

Because of the method of derivation, Eq. 9 does not necessarily express a failure cri-
terion but rather states that a given level of shear resistance is afforded by the soil 
when subjected to given levels of the variables on the right side of the equation. How-
ever, justification for the assumption that Eq. 9 does express a failure criterion is 
obtained from the experimental results, which indicate that the stress r is closely re-
lated to the peak failure stress obtained from direct shear tests. With this assumption 
the effects of normal stresses and water content can be introduced into Eq. 9 to give 

1 (AH 
Tm = + In - In M I) + pPc + MPns - ,'w 	 (10) 

where Tm, the shear strength, replaces the shear stress r; M' is a new constant; Pc 
is the consolidation stress; Pns is the normal stress during shear; w is the water con-
tent; and p, M y are linear coefficients. 

The effect of temperature of consolidation (as distinct from temperature of shear) 
on strength properties has apparently not been reported previously. Based on the ex-
perimental evidence, this variable was also considered to have a linear relation to 
strength. Introducing this into Eq. 10 gives the relation 

Tm = 
iI H

+ in 6 + cTc - In M) + pPc + MPns - yw 	(11) 

where Ts is the temperature of shear, Tc is the temperature of consolidation, and M 
is a constant. 

The introduction of these variables into Eq. 9 may be considered a subdivision of 
the term A. The relationship for deformation rate may now be written in terms of all 
the variables by rearranging to give 

in 	= in M - 	+ aTc + AT - pPc - flMPns + Orw 	 (12) 
kTs 

Equations 11 and 12 are the model equations proposed for soil deformation processes. 
It is reasonable to suppose that deformation of soil is governed by some mechanism 
(such as breaking of bonds) that is the same regardless of the method of stress appli-
cation for the intensity of stress within reasonable limits. The equations cannot be 
proven correct but can be shown to fit the known facts of soil behavior as well as the 
observed experimental results. 

The relationships of normal stresses and water content to shear strength were dis-
cussed when they were introduced. The undrained strength of soils has been shown to 
vary with the logarithm of time to failure while the drained strength variation with time 
to failure may be approximated by a logarithmic relation (4, 13, 21, 35). From the 
coefficients for shear temperature (.J{/k for creep tests and IH/k for direct shear 
tests), values for activation enthalpy may be determined. 

The proposed model equation bears considerable similarity to that proposed by 
Mitchell (21). Although derived differently, their basis lies in chemical rate theory 
and their final form consists of a sum of linear terms, which accounts for the variables 
known to affect deformation strength behavior. 
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TABLE 1 

SOIL PROPERTIES 

Property Clay Silt 

Specific gravity 2.74 2.68 
Liquid Limit 89 34 
Plastic limit 30 24 
Percent passing No. 200 sieve 99.4 98.2 
Percent finer than 2 microns 

(by hydrometer analysis) 80.4 25 
Mineralogical composition Calcium mont- 

(by X-ray diffraction) morillonite Quartz 
Calcite 
Dolomite 
Montmorillonite 
Mica 
Kaoiinite 

AASHO classification A-7 A-6 

EXPERIMENTAL PROGRAM 

Properties of Soils 

The two Iowa soils used in the experimental program were an alluvial clay and a 
clayey silt. The properties of the soils were determined using standard procedures 
and are summarized in Table 1. 

Soil Preparation 

The soils were air-dried and pulverized to pass a No. 40 sieve, mixed with water 
to give compacted specimens of about 100 percent saturation, and stored for several 
weeks prior to testing. 

Individual test specimens approximately 1/2  in. thick were formed by removing a 
predetermined weight of the stored soil, molding it by hand into the shear rings and 
statically compacting it. 

A total load of 1, 000 lb was applied to the highly plastic clay and 500 lb to the clayey 
silt. The load was applied at a rate of about 0. 08 in. per minute, maintained for 1 
minute in the case of the clay and 1/2  minute for the silt and then released at the same 
rate. 

Shear Apparatus and Test Methods 

The experimental study was conducted using a direct shear apparatus. Some of the 
advantages of this method of testing include simple temperature control, simple speci-
men preparation, rapid drainage during consolidation, and relatively simple labora-
tory techniques compared with triaxial testing. The direct shear apparatus provided 
a rapid means of obtaining a wide range of information. 

The disadvantages include lack of drainage control during shear, nonhomogeneity of 
stress, and indeterminancy of stress components. Most of these factors are discussed 
in the ASTM Symposium on Direct Shear Testing of Soils (1) and by Sowers (31). It 
was suggested by Bishop (3) that the principal stress conditions at failure are not known 
precisely in shear boxes and that the error in undrained cohesion may be of the order 
of (1 - cos coe) X 100 percent, which is generally less than 5 percent for clay of high 
plasticity. The disadvantages of the method were well appreciated but were consid-
ered to be outweighed by the advantages. 

Temperature control was achieved by constant-temperature water baths. The tem-
perature of the sample was controlled by circulating the water through the shear rings, 
which were designed to permit circulation inside each ring. Specimen temperature was 
measured by a copper-constant thermocouple and a potentiometer recorder which could 
be read with a precision of 0. 2 deg. After equilibrium was achieved, the temperature 
of the specimen could be maintained to within 0.25 C. 

In all tests the shear temperature Ts was equal to or less than the consolidation 
temperature Tc. This was necessary because any increase in temperature above the 
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Figure 2. Sample deformation-time curves for silt. 

consolidation temperature would result in further consolidation occurring under the 
higher temperature, with the result that strength would be the same as if the soil had 
been consolidated under the higher temperature. 

The effect of temperature on 
the soil pore water pressure was 
illustrated by the behavior of the 
soil specimens subjected to tem-
perature changes. On cooling, 
the volume of the specimen ini-
tially decreased and then, as the 
soil reached the new temperature 
and the rate of cooling decreased, 
the specimen reswelled about half 
of the original volume decrease. 
In all cases of cooling, negative 
pore pressure, measured with a 
transducer pore pressure device, 
was indicated and cavitation of the 
water occurred if the temperature 
change was larger and rapid. Con-
versely, heating the sample caused 
a volume increase and positive 
pore pressures that decreased 
with time. This behavior is sim-
ilar to that reported by Mitchell 
and Campanella (22) and Campa-
nella and Mitchelf(6). 

The laboratory tests performed 
in this investigation were of two 
basic types. The first type of 
test was a standard, controlled 
rate of strain,' direct shear test. 
In this test, a given rate of de-
formation was imposed on the 
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specimen and the developed shear resistance was recorded at regular intervals of de-
formation. The second type of test was a creep test in which a given shear stress was 
applied to the specimen and the resulting deformation was recorded at regular time in-
tervals and simultaneously by a strip-chart recorder. Each type of test was run on 
each soil type giving four series of tests. Within each series, the consolidation and 
shearing temperatures were varied in fixed increments. 

ANALYSIS 

In order to relate the results of the creep tests to the proposed model equation, it 
was necessary to choose some criterion for selection of the most significant value of 
deformation rate. The problem is complicated by the possibility of two different types 
of curves, as shown in Figure 2. Schoeck (28) stated that the basic equation for creep 
(Eq. 5) is valid ". . . only if there exists a unique and time independent relation be-
tween strain and structure." He further suggested that this condition can be satisfied 
in certain ranges of stress and temperature where (in metals) either no recovery takes 
place or the rate of recovery is fast compared to the rate of work hardening. In soils, 
these conditions are probably related to the rate of structure change and the rate of 
consolidation. An inspection of the basis of Eq. 5, i.e., the rate of passage of flow 
units over an energy barrier, indicates a validity only .for the case of the second de-
rivative with respect to time equal to zero, which is satisfied either for a steady-state 
condition or a point of inflection in the deformation-time curve. A second condition, 
which would seem necessary for the determination of valid parameters for soils, is 
that soil structure be the same for each specimen. For a given pretest history (con-
solidation temperature, stress, etc.), the structure of the soil at the beginning of the 
test should be essentially constant. Variations during the tests are probably related 

to deformation, shear stress, and 
temperature, with deformation hay- 

0.6 

I - 0.1 
U 
C 

LU 
I- 

z 
0 

.0.01 

0.003 

SHEAR STRESS, r, PS i 	
mauon, or nau a iarge negative 
slope, indicating greater deforma- 

Figure.4. Deformation rate variable with shear stress. 	tion at lower stresses. For all the 
for silt. 	 tests on silt the intersecting line had 

ing the primary influence. Mitchell 
et al (23) worked entirely with ter-
minal creep curves and suggested 
that it was necessary to compare 
specimens at the same time after 
the start of creep. This approach 
appears inconsistent with the re-
quirement of time -independence of 
Eq. 5. 

In this study, the minimum points 
of the rate of deformation vs defor-
mation curves, which are equivalent 
to points of 6 = 0, were joined by a 
straight line, which was then ex-
trapolated to intersect the terminal 
creep curves and the points of in-
tersection between the line, and the 
curves were assumed to satisfy the 
two criteria. These lines are shown 
in Figure 3 for silt. The points of 
intersection were transferred to the 
deformation time curves (Fig. 2) to 
show the relationship with these 
curves. For all the tests on clay 
the lines either were approximately 
vertical, indicating constant defor- 
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a positive siope in tne oruer oI 

3: 1, as illustrated in Figure 3. 
The points of intersection 

obtained from curves in Figure 
3 gave the values of deforma-
tion rate plotted against shear 
stress, as in Figure 4 for silt. 
The slope of the straight lines 
on these plots is equal to the 
coefficient A while the differ-
ences in deformation rate for 
different shear temperatures 
at a given level of shear stress 
give the value of H/k. These 
relationships are plotted in Fig-
ure 5 for silt and clay. 

The results of direct shear 
tests on clay are shown in Fig-
ure 6, where peak shear strength 
Tm is plotted against the recip-
rocal of the absolute temperature 
of shear Ts. The different points 
show effects of different consol-
idation temperatures Tc. 

Points on Figures 4 and 6 
show considerable scatter from 
the expected straight lines. This 
scatter can be attributed to two 

3.0 	3.1 	3.2 	3.3 	3.4 	3.5 	3.6 3.7 	main factors: general experi- 

RECIPROCAL OF ABSOLUTE 	I mental errors including varia- 

TEMPERATURE OF SHEAR, 	
°K x 10 	tions in initial water content and 

structure, and variations due to 

	

Figure 5. Deformation rate variable with shear temperature. 	differences in water content dur- 
ing the test. The first factor 
could not easily be determined 

but may be due to differences in the internal structure of the soil specimens as a re-
sult of small differences in initial water content during compaction. Duplications of 
tests showed variations in shear strength that did not correlate well with the variations 
in density or water content, tending to confirm the hypothesis of variable internal struc-
ture. The water content of all specimens was determined at the end of the test. For 
given temperatures of consolidation and shear and a given normal stress, the variation 
of water content was generally less than 0. 5 percent of the dry weight of soil, but vari-
ations over 1 percent occasionally occurred. However, differences in temperature of 
consolidation and, most particularly, of shear resulted in differences in water content 
of over 2 percent for the clay. A part of the variation may be attributed to nonuniform 
distribution of moisture in the stored batches of soil. Since the variation in water con-
tent was small, random, and partially masked by experimental variation, its effect was 
not readily distinguishable. However, as the proposed model equation had all linear 
terms, which were assumed to be independent, and there were a reasonable number 
of data points for most test series, the advantages of treating the data statistically were 
obvious and a multiple-regression program for an IBM 360 computer was used to treat 
all experimental data. 

Regression Analysis 

The dependent variables (Tm in Eq. 11 and ln in Eq. 12) were regressed on the ap-
plicable independent variables to obtain values for the linear coefficients in the equa-
tions. It was possible to treat the test results by considering groups of tests in which 



213 

Ic 	I 	II 	I 	I 

O 60 72O 1 	 o 
50+10 	 0 

X 4 
 

2 
30 

RLE~ESION LINES FOR 0 
1 

 

	 O26% 	 :c0  

Ir 

V 

Ic 

CLAY 
Pc = Pns = 60 psi 

2.9 	3.0 	3.1 	3.2 	3.3 	3.4 	3.5 	3.6 	3.7 

RECIPROCAL OF ABSOLUTE TEMPERATURE OF SHEAR, I , OK_I xI03 

Is 

Figure 6. Variation in shear strength of cloy with temperature of consolidation and shear 
for series B4. 

TABLE 2 

COMPARISON OF COEFFICIENTS OF EQUATION 11 OBTAINED BY REGRESSION FOR CREEP AND 
DIRECT SHEAR TESTS ON CLAY 

Series Tc Ts Pc Intercept .H 1 
p a Avg. Avg. 

(deg C) (deg C) (psi) ., w Gm. 

(a) 	Expected Coefficients From Creep Tests 

60 60 
Al 40 

20 
40 
20 45 -22.629 4.643 0.739 0.084 0.595 40.70 1.287 

2 

GO 60 
A2 40 

20 
40 
20 60 -25.290 5.321 0.894 0.099 0.636 39.86 1.324 

2 . 

60 60 
Al & A2 40 

20 
40 
20 

45 
60 -14.771 5.089 0.829 	0.182 0.093 0.625 40.36 1.307 

2 

(b) 	Experimental Coefficients From Direct Shear Tests 

B! 14 
59.5 

14 
58.8 

15 
120 -15. 901 12.288 8.062 	0.144 0.138 0.733 35.85 1.407 

B2 65 1.5  65 45 -18.324 7.977 0.520 38.69 1.373 

Bi & B3 1 4 
60 

15  2 
60 120 - 	5.022 7.361 1.173 	0.148 0.074 0.467 38.21 1.370 

B4 2 
60 

2 
60 60 -16.258 5.303 0.098 0.501 39.26 1.346 

85 20 
60 

2 
60 60 -30.714 6.366 0.094 0.936 39.26 1.340 

B1-B5incl. 2 1. 5 15 -11.898 8.267 1.934 	0.112 0.143 0.654 38.76 1.360 65 65 120 

a- 21 

9 

8 

7 

6 

5 

4 
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TABLE 3 

COEFFICIENTS OF EQUATION 12 OBTAINED BY REGRESSION FOR CREEP TESTS ON SILT USING 
COMBINED GROUPS OF TESTS 

Series Tc 
(deg C) 

Ts 
(deg C) 

Pc 
(psi) 

Pns 
(psi) 

Intercept H Avg. 
w 

Avg. 
Gm 

C2 40 40 60 60 -13.354 3.975 0.236 0.864 20.76 1.684 
2 

C2 40 40 60 40 -32.120 4.152 0.206 0.016 1.866 21.50 1.650 
2 40 

40 60 
C2 40 2 40 20 -35.088 3.752 0.348 0.038 1.825 22.41 1.644 

20 

40 60 60 
C2 40 2 40 40 -22.876 3.555 0.308 0.043 0.003 1.294 21.81 1.659 

20 20 

60 60 

Cl 
40 40 40 20 -14.257 2.460 0.464 0.547 22.23 1.690 
20 20 

2 

60 60 60 60 -  

Cl & C2 40 40 40 40 -13.465 2.663 0.407 0.067 0.047 0.749 22.00 1.676 
20 20 20 20 

2 

some of the parameters were constant and regressing on the remaining variables. 
Further, all similar tests on a given soil could be treated as one group and regression 
carried out on all the variables. This leads to a large number of possible combina-
tions and results, examples of which are given in Table 2 for clay and in Tables 3 and 
4 for silt. 

It was previously proposed that the deformation mechanism of soil should be con-
sistent regardless of the method of stress application. This would be substantiated 
by agreement of the coefficients of Eq. 11 obtained from direct shear tests with those 
of Eq. 12 obtained from creep tests. The comparison can be made by multiplying the 
direct shear coefficients or by dividing the creep coefficients by their respective val-
ues of P. The latter method was used since the 9 values obtained from the creep tests 
were much better defined than those from direct shear tests, where a relatively small 
range of deformation rate was used, and these variations were largely related to other 
changes in procedure or technique. This comparison for clay is given in Table 2, 
which shows the converted coefficients for two series of creep tests run at different 
normal stresses and the coefficients for these two series combined. In the combina-
tion, the normal stress Pc was included as an additional variable. The lower part of 
the table gives the experimental coefficients obtained from five series of direct shear 
tests on clay and some combinations of these series. The tables include the range of 
variables used and average values of water content w and mass specific gravity Gm for 
the groups. 	 - 

TABLE 4 

COMPARISON OF COEFFICIENTS OF EQUATION 11 OBTAINED BY REGRESSION FOR CREEP AND 
DIRECT SHEAR TESTS ON SILT 

Tc Ts Pc H Pns 	 . 	1 
Avg. 	Avg; 

Series (deg C) (deg C) (psi) 
Intercept 

(psi) 	 p w 	Gm 

(a) 	Expected Coefficients From Creep Tests 

60 60 60 60 

Cl & C2 	40 40 40 40 -33.084 	6.543 	2.457 	0.165 	0.115 1.840 	22.00 	1.676 
20 20 20 20 

(b) Experimental Coefficents From Direct Shear Tests 

60 	60 	60 	60 
40 	40 	40 	40 -30.346 4.832 1.240 0.123 0.359 1.769 21.90 1.659 Dl 	20 	20 	20 	20 
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Table 3 gives the coefficients of Eq. 12 obtained by regression for creep tests on 
silt. The first three lines give coefficients for tests of series C2 combined according 
to normal stress during the shear phase of the test (Pns); the fourth line gives coef-
ficients for all tests of series C2 combined; the fifth line gives coefficients for series 
Cl in which the consolidation pressure Pc was constant at 40 psi and the normal stress 
during shear Pns was constant at 20 psi; the sixth line gives coefficients for all creep 
tests on silt combined with the regression conducted on all independent variables. 

Table 4 gives a comparison of coefficients of Eq. 11 for creep and direct shear 
tests on silt obtained similarly to those for clay. The expected coefficients from creep 
tests were obtained from the sixth line of Table 3. 

Regression lines shown in Figures 4 and 6 were plotted using the coefficients ob-
tained from the group of tests performed at the corresponding normal stresses and 
using the average water content for that group. Thus, water contents different from 
the average cause the points to fall above or below the regression lines and illustrate 
the effect of water content. 

DISCUSSION OF RESULTS 

The coefficient 9, although somewhat variable for the smallest group of tests based 
on Tc and Ts, became quite constant for the larger groupings of tests on the clay and 
for the silt tests at fixed values of normal stresses. There was, however, a signifi-
cant difference in the values for the two sets of tests performed on the clay at different 
normal stresses (Table 2) and in the values obtained at different normal stresses on 
silt (Table 3). In both cases the values of P were lower at the higher normal stresses. 
These results indicate a possible relationship between the coefficient P and the normal 
stress during shear Pns. However, tests on the clay were performed at only two levels 
of normal stress, which was the same for the consolidation and shear phases of the 
tests. The higher normal stresses used during shear for tests on the silt gave the 
poorest results in terms of variability. These tests appeared to be very sensitive to 
variation in water content and test techniques. Because of these limitations the rela-
tionship between the coefficient and normal stress during shear is not well defined. 
However, the decrease in 0 with increased normal stress is in agreement with the 
proposed interpretation of as the volume of a flow unit. An increase in normal 
stress would tend to increase the number of bonds and thus decrease the average vol-
ume of influence of a bond. A similar reasoning may be used to account for the ob-
servation that the value of A for silt is about one-fourth that for clay. The value of ' 
for clay under 60 psi normal stress is calculated to be 0. 6711 x 10_18 cm3, which is 
equivalent to the volume of a cube 87. 6 A on a side whereas, for silt under the same 
normal stress, the value of ' is 0. 142 x 10_18 cm3, or the volume of a cube 52. 11 on 
a side. In the case of the clay, the volume is on the order of size of a clay particle 
while for the silt the volume is considerably smaller, which implies that the bonds and 
adjacent equilibrium positions occur between asperities on the surface of the silt par-
ticle s. 

The variation of $ between the smallest groups of tests did not show any consistent 
relationship with variables other than normal stress. Specifically, no consistent rela-
tionship with temperature could be discerned and this observation substantiates the as-
sumption made in deriving Eq. 5. Regardless of other possible functional relationships 
of the coefficient P, all the creep test results indicate a linear relation between the 
logarithm of deformation rate and shear stress, in accordance with Eq. 5. 

Values of the coefficient AHA or H/k (and hence activation enthalpy) determined 
from.the regression analyses appear to be reasonably constant for each group of tests 
having the same normal stress. However, it does increase slightly with increased 
normal stress, indicating an increase in bond strength with a decrease in particle spac-
ing. Mitchell et al (23) report a decrease in activation energy with increased deviator 
stress. The energy barrier should be related to bonds in the oriented water and the 
strength of these bonds would be expected to increase slightly with decreased particle 
spacing due to surface induction. 
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The value of activation energy was found, from the values of AHA and H/k 
given in the tables, to range from 12 to 21 kilocalories per mole for the clay and from 
5 to 8 kilocalories per mole for the silt. For both soils the higher values were ob-
tained from the direct shear tests. 

The magnitude of activation enthalpy obtained for the silt was about half that obtained 
for the clay. This gives an indication of the effect of particle size and, indirectly, of 
mineralogy. The bound water layer associated with calcium montmorillonite would be 
more oriented and relatively thicker than the layer associated with silt. This suggests 
a stronger bond and higher activation energy for the clay. It would be expected that 
activation energy for other minerals would reflect their relative surface activity. The 
activation enthalpy measured for the silt is only a little higher than that for unbound 
water, which suggests that the bonds are not strongly influenced by the surface energy 
of the particles. 

Under a normal stress, such as during consolidation, the contact zones between 
particles or domains are probably subjected to localized shear stresses, and a break-
ing of bonds would then occur to permit particle reorientation accompanying the de-
formations of consolidation. 

From this model it is reasonable to consider consolidation as a rate process having 
a mechanism similar to that proposed for shear deformation. This approach has been 
suggested by Wu et al (36), who considered consolidation on the basis of rate process 
theory. The effect of temperature on consolidation is related to an increase in thermal 
energy, which permits more rapid passage of flow units over the energy barrier and 
allows deformation to progress more rapidly. This increase in the rate of consolida-
tion is also related to the decreased viscosity of the water, which permits more rapid 
drainage. These effects have been reported by Paaswell (26) and others. In the case 
of clay, the consolidation temperature shows the additional effect of increasing the 
bonding, as indicated by higher values of AHA similar to the effect of increased nor-
mal stress. The silt, however, showed no significant effect due to temperature of 
consolidation. This behavior further supports the suggestion of a weak influence of 
particle surface energy in the case of silt. 

The coefficient of water content Oy varied quite erratically. This is not surprising 
in view of the small and random variation in water content between the samples, but 
unfortunately leaves the coefficient poorly defined. The average value of Py for the 
creep tests on clay with 45 psi normal stress was 0. 8, and with 60 psi normal stress 
was 0. 7; but the value of y in both cases was approximately 0. 6, which is of the same 
order as found from the direct shear tests. The creep tests on silt with Pc = 40 psi 
and Pns = 20 psi gave a value of Py of about 0. 55, while the average for all creep tests 
on silt was 0. 75, giving an average value of y = 1.8, which was the value obtained as 
an average from all direct shear tests. From this it may be inferred that water con-
tent variations of a given magnitude have more effect on silt than on highly plastic clay, 
a fact that is well recognized and that may be explained on the basis of the large dif-
ferences in specific surface area between these materials. 

As previously discussed, the coefficient 9 is probably related to the normal stress 
during shear and the coefficient AHA is probably related to consolidation stress; how-
ever, the results recorded (for example, in the top three lines of Table 2) indicate that 
these variations were of insufficient magnitude to account for the increased strength 
with increased normal stresses. Therefore, in the linear equation, significant coef-
ficients for Pc and Pns where also obtained. 

The general agreement between the values of the coefficients obtained from creep 
and direct shear tests tends to confirm the postulate that there is one consistent de-
formation mechanism for soils that is independent of method of load application. These 
confirmations were obtained as a result of performing the creep tests at stresses that 
were on the order of the peak shear strength of the soil. These stresses were higher 
than those generally used for creep testing and gave minimum points of deformation 
rate rather than terminal creep curves. 
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CONCLUSIONS 

The experimental part of the study, consisting of 434 creep and direct shear tests 
on two different soil types, yielded the following observations: 

Creep tests show a linear relationship between the logarithm of deformation rate 
and shear stress, and the proportionality coefficient is linearly related to the volume 
of the flow unit and may be related to the normal stress. 

Activation energy values obtained from creep tests are approximately equal to 
those obtained from direct shear tests and for the clay are of the same order of mag-
nitude as other reported values. The values of activation energy obtained for the silt 
are about 40 percent of those obtained for the clay. 

The coefficients relating deformation rate and shear strength to water content 
were also found to agree quite well. The values for silt were about three times larger 
than the values for clay, as would be expected due to the differences in specific sur-
face area between these soils. Because of the narrow range of water content values 
used, the relationship was assumed to be linear and the coefficients were rather poorly 
defined for smaller groups of tests. 

The agreement between the coefficients obtained from the two test procedures 
tends to confirm the hypothesis of a single deformation mechanism that is independent 
of test procedure. 

This study of the effect of temperature on the shear strength and creep behavior of 
soils has yielded a model equation in terms of simple parameters that reasonably char-
acterizes the deformation and strength behavior of the soils. Modifications of the model 
equation may be required as further investigation reveals the interdependencies of 
some of the variables and, specifically, the functional relationship of water content. 
The test results were analyzed by multiple regression, which aided interpretation of 
the variability due to differences in water content. 
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Transient Temperature Influences on Soil Behavior 
ROBERT E. PAASWELL, State University of New York at Buffalo 

In cases where changes in temperature affect soil responses such as 
strength of compacted subgrades and embankments, changes in com-
paction properties during stabilization due to moisture migration, and 
changes in deformation of stressed clay soil layers, the ability to 
predict temperature profiles within the affected areas becomes highly.  
desirable. This paper analyzes the temperature profile that is de-
veloped in soil samples for conditions of transient temperature 
changes at one boundary surface. The study is divided into two parts. 
The first is concerned with temperature distribution as affected by 
local inhomogeneities for nonsaturated soils. Close study is also 
made on moisture changes as affected by this surface temperature 
change. The second part is concerned with the pattern of temperature 
increase and decrease imposed on a stressed, saturated soil. For 
this case the theory of heat conduction was used to predict the tem-
perature distribution within the soil sample. 

For the study of the first part, a parabolic form of temperature 
increase was applied at the upper boundary surface of an insulated 
cylinder to an unsaturated sample of a clay soil compacted at varying 
moisture contents and density states. The resultant temperature-
time-space distribution curves were analyzed and the resultant mois-
ture content distribution curves were compared with the initial mois-
ture content distribution curves. In the constant stress tests, a 
thermal pulse was applied at the upper surface of a saturated consoli-
dated soil, and the resultant temperature -time -space distribution 
was determined. 

The tests indicate that establishment of temperature profiles en-
ables correlation to be made between surface temperature changes 
and moisture changes on a transient basis. Where surface boundary 
conditions can be accurately modeled, heat conduction theory, assum-
ing a sample homogeneity, can be used to predict these temperature 
profiles. 

IN RECENT YEARS there has been a growing body of research on the physical and 
mechanical properties of soils and their dependence on or independence of temperature. 
The use and interpretation of laboratory models is the first step in the interpretation 
of field performance. The use of uniform thermal coefficients, for example, and the 
analysis of the influence of sample inhomogeneities on temperature changes within the 
sample caused by boundary changes can be closely analyzed in the lab and the findings 
transferred to the field. This would be useful in the analysis of field performance of 
compacted soils, where temperature changes might cause moisture migration and 
strength changes, altering the response of the soil to imposed stresses. Another oc-
currence could be the case of a confined soil layer subject to temperature increases 
that result in pore pressure fluctuations and subsequent deformation. Through the use 
of mathematical models and physical models, close study can be made of the influences 
of temperature changes on soil behavior. 

In the study of the effects of temperature changes on soil behavior, much research 
has been made on various steady-state conditions, i. e., the properties of soil at one 
temperature vs the properties of the same soil at another higher, or lower, constant 
temperature. Field conditions, however, are far from steady-state, and it becomes 
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important to establish how soil characteristics change during temperature changes, 
i. e., the transient case. 

The familiar and frequently used theory of heat conduction, when applied to soils, 
often includes the assumption that the soil is homogeneous. For soil of a consistent 
moisture density pattern throughout, this assumption may be used, by considering that 
this three-phase material has uniform thermal characteristics such as conductivity 
and diffusivity (1). Soil compacted to a given density at a specific site during the pro-
cess of stabilization, or soil that exists naturally above the water table, is generally 
not uniformly homogeneous, and the nature of the actual heat transfer as measured by 
temperature patterns influenced by localized inhomogeneities represents a portion of 
the work studied herein. The warming cycle during the day causes temperature in-
creases in the upper surfaces of the soil, and these temperature increases result in 
some moisture changes in the affected layers. One purpose of the first series of tests 
is to investigate the manner in which the measurable surface temperature pattern (here, 
increasing only) influences the temperature distribution pattern within the sample and 
the moisture pattern within the sample, and the extent to which this pattern is influenced 
by local inhomogeneities in moisture content. 

In a saturated soil, the utilization of heat conduction theory becomes simplified due 
to the more homogeneous state of the soil. Field temperature conditions, however, 
are not steady-state, so the use of heat conduction theory, with time-dependent tem-
perature boundary conditions to predict field temperature patterns, becomes desirable. 
By being able to predict subgrade temperatures, given surface distributions, it should 
then be possible to estimate changes in other temperature -dependent soil properties, 
such as strength, for a given environmental situation. The sinusoidal temperature 
pattern is a simplified approximation of a naturally occurring temperature pattern at 
ground surface. In the second series of tests reported here, a comparison is made 
between the temperature pattern predicted by the theory of heat conduction and the 
pattern as modeled in the laboratory on a str essed- saturated clay sample. In addition, 
some attention is given to the deformation induced in the sample due to the changing 
surface temperature. 

TRANSIENT TEMPERATURE PROPAGATION 

Recompacted soil cylinders were subjected to a pattern of increasing temperature 
at the upper boundary surface, with the remaining surfaces insulated. In these tests, 
the original moisture content distribution was established to ascertain the degree of 
homogeneity attained by compaction and the influence of this pattern of homogeneity on 
resultant temperature and moisture distributions. 

Table 1 lists 16 samples of a soil indigenous to the Buffalo area, P1 = 30, LL = 
54, specific gravity = 2. 73, that were compacted at nominal moisutre contents as 
given. These samples were compacted in insulated cylinders 10 cm in diameter and 
15. 6cm in height. An embedded copper foil heater was placed at the upper axial sur-
face, controlled by a variable power source, which enabled the surface temperature 
pattern to have the desired time history. Temperature records were maintained by 
thermocouples throughout the sample connected to a recording potentiometer (Fig. 1). 

In order to show the temperature distribution and moisture redistribution during 
these increasing temperature tests, samples 3, 8, 9, and 13 are compared showing 
temperature -time and moisture content sample height distributions in Figures 1 and 
2. The temperature tests consisted of increasing the temperature at the upper sur-
face while the other surfaces remained insulated. 

The surface temperature increase, nonlinear in form, was from ambient tempera-
ture (26 C ±) to 80 C ± in 240 minutes. This value was recorded by thermocouple 
No. 1 (TC 1). The temperature propagation throughout the interior of the sample is 
shown by the temperature -time profile for thermocouple locations TC 2 through TC 5. 
It has been noted (1) that thermal diffusivity increases with increasing moisture con-
tent and decreasing density. This is shown clearly in Figure 1 where, for example, 
the propagation of the 50 C isothermal line from the surface to TC 2 takes 52 minutes 
for sample 3, 50 minutes for sample 8, 40 minutes for sample 9 and 42 minutes for 
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TABLE 1 

SAMPLE PROPERTIES-TRANSIENT TEMPERATURE TESTS 

Sample No. 
Nominal Initial 

Moisture Content, Void Ratio, Density, 

w percent e Ys, g/cc 

1 19.2 1.16 1.24 

2 19.3 1.24 1.21 

3 19.8 1.39 1.14 

4 20.6 1.03 1.34 

5 30.0 0.83 1.49 

6 N 	30.6 0.80 1.51 
\ 

7 31.0 0.80 1.51 

8 31.7 0.82 1.50 

9 39.4 1.09 1.31 

10 40.5 1.12 1.28 

11 41.1 1.14 1.27 

12 41.5 1.12 1.28 

13 50.2 1.36 1.15 

14 50.3 1.38 1.15 

15 51.5 1.39 1.14 

16 54.4 1.50 1.09 

sample 13. Sample 15 has a greater moisture content but a smaller density than sam-
ple 9. It is also noted that in sample 3, the surface temperature rises to 81 C before 
there is a 1 C temperature rise at TC 5, whereas for the other samples noted the sur-
face temperature was less than 75 C (surface temperature increase, AT = 49 C) be-
fore a 1 C tempeature increase occurred at TC 5. 
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Figure 1. Temperature-time distribution in samples. 
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Figure 2. Initial and final moisture distribution in samples. 

Of greater interest is the nature of the transmission of temperature through the 
soil as influenced by the moisture content. Figure 2 as noted shows the nominal initial 
moisture content wi  percent and the final moisture content wf percent. The W1  percent 
is the average of the moisture contents taken as each of 4 layers was compacted into 
the container. There is a deviation of approximately 1 percent in no set pattern at the 
start of the test. It should be noted that, because there were initial moisture content 
gradients, however slight, throughout the sample, the natural process in the soil if no 
temperature tests were made would be some equilibrating moisture redistribution with-
in the sample. 

The most significant change in moisture content occurs near the heated surface, as 
noted in Table 2. The initial moisture content taken at the time of compaction is com-
pared with the final moisture content near the surface taken immediately after comple-
tion of the test. It is seen that there is a substantial decrease in moisture content near 
the surface in every case. The moisture contents in Table 2 are also calculated as 
percent saturation for each sample in order to have a more uniform basis for compari-
son. The greatest decreases in percent saturation occur in samples 1 through 4. These 
also represent the greatest decrease in actual moisture content. Samples 1 through 4 
were compacted at the smallest moisture contents (approximately 20 percent), and with 
the exception of sample 4, percent saturations less than 45 percent. The remaining 
samples were compacted at saturations near 100 percent. 

This would indicate that as moisture contents increased significantly, the moisture 
movement near the points of maximum thermal gradient decreased. The least mois-
ture movement occurred at the highest moisture contents (samples 13-16). Because 
the surface temperature was maintained at less than 100 C, and because the upper 
surface was covered by the heating cap, moisture change due to evaporation at the sur-
face was minimized. 
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TABLE 2 

CHANGES IN MOISTURE CONTENT AND SATURATION DUE TO 
TEMPERATURE INCREASES-UPPER SURFACE 

Sample 
No. 

Initial 
Moisture 
Content, 

wj Percent 

Initial 
Percent 

Saturation, 
Si Percent' 

Final 
Moisture 
Content, 

w1 Percent 

Final Percent 
Saturation, 
Sj Percent 

Net Change 
Moisture 
Content, 
percent 

Net Change 
Percent 

Saturation 

1 18.7 44.0 7.9 18.5 8.8 25.5 

2 18.8 41.0 12.4 27.0 6.4 14.0 

3 19.7 39.0 10.6 21.4 9.0 17.6 

4 22.3 59.0 12.9 33.0 9.3 26.0 

5 31. 1 103.0 28.4 94.0 2.7 9.0 

6 31.8 108.0 29.0 99.0 2.4 9.0 

7 31. 1 105.0 29.1 99.0 2.0 6.0 

8 30.7 106.0 26.8 89.0 3.9 17.0 

9 40.5 98.0 34.5 86.0 6.0 12.0 

10 40.6 99.5 38.8 94.5 1.8 5.0 

11 41.3 101.0 38.3 93.0 3.0 8.0 - 

12 41.5 101.0 39.8 97.0 1.7 4.0 

13 50.0 100.0 49.3 98.5 0.7 1.5 

14 50.1 99.0 48.1 95.0 2.0 4.0 

15 50.0 102.0 49.5 100.0 0.7 2.0 

16 54.3 99.0 52.6 96.0 1.7 3.0 

'Initial percent saturation was computed based on original nominal moisture content. Thus inhomogeneities may cause 

some to appear greoter than 100. 	These are given here to emphasize change in percent saturation, rather than to give 

individual values of percent saturation. 

Figure 2 illustrates further the somewhat erratic pattern of initial and final moisture 
content distributions throughout the sample. Combined with the moisture decrease 
near the surface of the sample, there is a general moisture increase in the middle third 
of the sample. This would further amplify the moisture flow in the direction of the de-
creasing temperature gradient, especially at points where the temperature gradient is 
highest. The tests were always concluded when the surface temperature was still in-
creasing. This meant that steady-state conditions were never realized so that water 
flows never reached an equilibrium state. In the sample with the highest density (i. e., 
the lowest permeability) the moisture increase was limited to the upper half of the 
sample, whereas in the other samples illustrated the moisture flow propagated further 
into the sample in the direction of decreasing temperature. It should be noted again 
that the moisture flow due to heat would be coupled with a general redistribution of 
moisture within the sample prior to the temperature increase. This too would cause 
the somewhat erratic nature of the temperature distribution. In all cases as represented 
by Figure 1 the temperature flow was uniform and continuous, that is, there were no 
sudden jumps due to inhomogeneities in the sample. The temperature pattern at suc-
cessively deeper thermocouples was one of offset parallelism, as would be predicted 
by general heat conduction behavior. This point in fact is amplified in the latter part 
of this paper. 

The uniform pattern of the temperature distribution suggests that the temperature 
propagation throughout a soil sample is not substantially affected by localized inhomo-
geneities but nonetheless has great influence on the degree of moisture movement with-
in the sample. These results suggest that the soil-water system can be approached 
as a homogeneous unit in making preliminary predictions of temperature distribution 
due to transient temperature boundary conditions. 

SINE PULSE PROPAGATION 
To compare temperature distribution patterns as predicted by heat conduction theory 

with patterns as established in soil, tests were performed on recompacted saturated 
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recolding 
cylinders of the same soil. For I 

nti- 	 1- 	V 	 these tests the temperature 
I 	------- -' 	I 	 distribution is assumed sinu- 

\F 	\ 	 soidal at the upper boundary 
P 	 Burett_, 	 surface, with other surfaces 

remaining constant. In addi- 
I 	 tion, these tests were used as 
I u 	 preliminary tests in evaluating 

N 	 D 	 the influence of such a transient 
I 	 temperature pattern on defor- 

/ 	mation of a stressed soil. 
E 	 The equipment used in these 

tests was described in some ---------- -.1 	 detail in a previous paper (3), 
but shall be described here 
briefly for clarity. A fixed- 

A- Thermofoil heater 	 F-Thermocouple lead wires 	
ring consolidometer, 6. 34 cm 
in diameter, was adapted so 

B-Thermocouples 	 G-0-Ring 	 that temperature increases 
C- Porous stones 	 L- Brass loading cap 	 could be made at the upper 
D - Soil sample 	 am-Ammeter 	 axial surface and temperature 
E - Drains 	 V. Voltmeter 	 measurements made at the 

upper and lower surfaces and 
P- Load 	

in the center of the sample 
Figure 3. Sample test setup for sine pulse tests. 	 (Fig. 3). The clay soil, pre- 

mixed with distilled water at 
a moisture content greater than 

optimum, was compacted in the retaining ring to the desired density (Table 3). The 
soil was then saturated in distilled water under a seating load of 0. 31 kg/cm2. Drain-
age and saturation took place through the upper and lower surfaces. The heating ele-
ment was contained within the loading cap and consisted of an etched upper foil heater 
surrounded by Kapton film and secured by an adhesive to the cap. The heating element 
was the same diameter as the ring, 6. 24 cm, and was 0. 0025 cm thick. Power was 
supplied through a variable voltage control. The loading cap also contained the upper 

TABLE 3 

PROPERTIES OF SAMPLES IN SINE PULSE TESTS 

Sample 
Dry 

Density, 
g/cc 

Moisture 
Content at 

Compaction, 
percent 

Max. 
Surface 
Temp., 
deg C 

Max. Temp. 
Increase 

Above 
Ambient , 

deg C 

Time to 
Attain 

T Max., 
minutes 

Average 
Rate 

of increase, 
deg C/minute 

Max. 
Lower 

Surface 
Temp. 

Increase, 
TB, 

deg C 

Tim -e  to 
Attain 

TB 
minutes 

Time 
Lag 

1 1.39 36 71 46 16 2.9 11 18 2 

2 1.36 38 71 46 16 2.9 14 16 0+ 

3 1.35 40 74 47 8 5.9 5 16 8 

4 1.34 42 72 47 8 5.9 4 16 8 

5 1.42 36 44 20 6 3.3 6 6 0+ 

6 1.47 32 72 49 10 4.9 7 16 6 

7 1.47 32 73 40 6 6.7 1 6* 0+ 

8 1.47 32 43 20 6 3.3 1 8 2 

9 1.47 32 45 19 6 3.2 1 6° 0+ 

10 1.47 36 42 19 4 4.7 1 12 8 

11 1.47 33 42 15 4 3.8 1 6° 2 

12 1.47 33 70 43 10 4.3 5 14 4 

13 1.47 33 70 38 6 6.3 3 8 2 
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Figure 4. Temperature-time profiles, sine pulse tests, samples 6 and 7. 

porous stone; thus there was a distance of 0. 63 cm separating the heater and the upper 
sample surface. Fine wire copper-constantan thermocouples were placed at the sur-
faces of the upper and lower porous stones and in the center of the sample, permitting 
a temperature profile to be established across the thickness of the sample and in adcli-
tion serving as a control on the temperature at the upper surface. To assume that no 
phase changes would take place within the sample, the maximum upper surface tem-
perature was always less than 100 C. The shape of the upper surface temperature in-
put was attained through control of the variable voltage supply, which was done manually 
for these tests. The sample was surrounded by a water bath at ambient temperature 
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Figure 5. Temperature-time profiles, sine pulse tests, samples 8 and 9. 
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(25-30 C).  The relative size of the water bath (15. 24 cm diameter) and the small 
source of the temperature input were believed to be adequate to approximate the de-
sired boundary conditions of constant temperature at all points except the upper sur-
face. The relatively short time of the temperature increases was also believed to add 
to the stability of temperature at the boundary. 

The temperature tests were begun 24 hours after the samples had been placed in the 
water bath. The tests are summarized in Table 3. Figures 4 and 5 show the tem-
perature-time history for samples 6, 7, 8, and 9. 

To provide an estimate of the rate of temperature flow through the sample the fol-
lowing boundary value problem (3) was solved for a cylinder of radius a and height L: 

- 1 T 
- 	 I 	Y at (1) 

T (r, z = 0, t) = T*f(t) 	 (2) 

T (r, z = h, t) = 0 

T (r = a, z, t) = 0 

T (r, z, t = 0) = 0 

where 

f(t) = sin lTt/t* 	0 < t < t 

and 

f(t)=0 	 t<t 	 (3) 

Note that the zero temperature reference can be changed to an ambient, To, tempera-
ture reference by the addition of To. The solution to this problem was obtained as 

CO 

T 	. 	ITt 
'. 2 Jo (an ) sin h [an (L-z)] 

;j 	sm 	an 
n=1 	Ji (°n) sin h (a n ) 

(mIT) Jo  (an ) sin ( L  
! Tz 

-4 	
) 

(4) 2 
n=1 n=1 

 

IM 21r2+ an2 () ] J1  (a) a 

where 

iiFX t cos () + IT sin()] 
B= Lmn 

(Xmn  t*)2 + IT 2  

IT A mn 	mn t* exp(-X t) 

I'mn  *2 + IT2 	0 . t 	t 	 (5a) 

or 

B = -_
IT Xmnt* exp (- Amnt) 11 + exp (Xmnt*) I 

t<t 	(5b) 
(4mnt*)2  + IT2 
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Values of thermal diffusivity based on density and saturated moisture content were 
computed using formulas given by Kersten. These values ranged from 0. 21 to 0. 23 
cm2/min. The theoretical solution for the temperature-time profile at the sample 
center and upper surface is shown as circular points in Figures 4 and 5. Where the 
actual time surface input resembles the theoretical sine input, the predicted results 
are quite accurate. However, the time input shows a temperature lag on the cooling 
part of the cycle that is due both to a slight heating of the water in the porous stone 
and a heating of the cap, which does not permit rapid cooling to the original ambient. 
This lag is reflected in the temperature profile throughout the sample and becomes 
more pronounced with depth in the sample, as can be seen by the figures. 

As would be expected, the greater the period of the pulse, the greater the heat trans-
ferred into the sample, as manifested by greater temperature increases throughout. 
In samples 1 and 2, the time for the surface temperature to reach its maximum value 
was 16 minutes and the corresponding lower surface was between 11 and 14 C. From 
Table 3 it is seen that the maximum lower surface increase in all other cases was 
no greater than 7 C. It is also noted from repetitive cases that when a temperature 
decrease lag occurs, i. e., when there is a decay rather than a rapid drop-off followed 
by a rapid increase, there is a tendency for slight temperature increase throughout, 
as illustrated by the center and lower surface temperature profiles in Figures 4 and 
5. Whereas the period of the pulse shows the relative insulating properties of the soil, 
the repetitive type pulse shows the net temperature buildup in the soil, which in actual 
field situations can be quite significant. The good agreement of the loading portion of 
the sine curve with predicted temperature distributions also suggests that the heat 
conduction equation can be used with some success in approaching the temperature 
distribution in the two-phase saturated soil by assuming that the material responds as 
a homogeneous solid. This assumption is made more valid by noting from the first 
test series that the moisture propagation decreases as the saturated moisture content 
increases. 

In tests 1 through 4 deformation responses were noted together with the temperature 
profile. In all cases it was observed that there was a slight swelling initially coinci-
dent with the temperature increase, followed by a contraction with temperature de-
crease. To separate out the natural thermal expansion of the loading system due to 
temperature increases, calibrations were performed for the same pulses applied to 
the soil. These yielded, on the basis of a 2. 54 cm height comparative brass sample, 
strains of 0. 41 percent increase for a 20 C temperature increase above ambient and 
0. 82 percent for a 45 C temperature increase. These strains were then subtracted 
from the total expansion of the soil to determine the net strain, expansion or con-
traction of the soil system. These samples were subjected to a net stress of 0. 31 
kg/cm2  applied at ambient temperature and the temperature tests were not commenced 
until consolidation under this stress had ceased (a value chosen as < 0. 002 cm over 
a 4-hour period). 

For tests 1 and 2, the temperature increase was applied over a 16-minute period, 
and the net change was 0. 35 percent decrease in volume at peak strain. For tests 3 
and 4, the maximum temperature increase was applied over half the time period in 
tests 1 and 2, and the net change at peak surface temperature ranged from 0. 7 to 1. 5 
percent expansion. These strains were not completely recovered at the conclusion of 
the tests when the surface temperature was still somewhat above the original ambient 
temperature. 

In a recent paper (4) Campanella and Mitchell have made a study of causes of this 
change in volume of soils due to various temperature increases. In their paper and in 
a previous paper by the author (5), it is noted that increases in temperature result in 
increases in pore pressure. Campanella and Mitchell further note that such increases 
lead, therefore, to a decrease in effective stress, which for undrained samples could 
result in natural swelling (unloading effect). 

In the sine pulse tests, the temperature is applied rapidly to one surface of the 
sample. There is a significant difference in the resultant temperature propagation 
between this type of heating and a uniform heating of the entire soil sample. In the 
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latter, any increase in pore pressure would be reflected uniformly throughout the 
whole system, whereas in the former, pore pressure increases that are due to both 
thermal expansion of the saturating pore fluid and decrease of effective stress (total 
stress applied, external stress remaining constant) would increase at a decreasing 
rate in the direction of the decreasing temperature gradient. There are then two forces 
at work, somewhat opposing each other. As the sample swells due to heating of the 
pore fluid, the pore pressure increases, and the pressure can be dissipated by flow 
from the nearest drainage face. In this case the nearest drainage face is also the 
source of increasing temperature and the fluid would normally flow in the direction of 
decreasing temperature. Further, the rate of dissipation of pore pressure is con-
trolled by the permeability of the system. If flow to the drainage face is limited while 
simultaneously the temperature is increasing, the result would appear temporarily as 
a net volume increase, as noted in samples 3 and 4. It is evident that further testing 
along these lines is necessary to confirm this. 

The sine pulse tests, the tests by Campanella and Mitchell, and previous tests by 
the author (6) all show the importance of clearly delineating the boundary conditions in 
temperature tests in order to gain full understanding of the nature of temperature prop-
agation and the resultant changes in deformation that may occur in a stressed sample. 

CONCLUSIONS 

The first test series on nonsaturated soils indicates that uniform temperature pro-
files with no discontinuities will be established in a recompacted soil when the initial 
moisture content variation throughout the sample depth varies as much as 2 percent 
in an erratic pattern. The soil can, then, be considered homogeneous with regard to 
its gross thermal properties. The increasing surface temperature causes moisture 
migration, as expected, with quantities of water (as evidenced by percent saturation) 
decreasing with increasing percent saturation. 

The second test series indicated that, where boundary conditions can be modeled, 
heat conduction theory will predict temperature distributions within the sample. In 
addition, the sine temperature pulse applied to one surface of the stressed sample 
caused volume changes that result from a buildup and possible subsequent relief of 
pore pressure. These tests indicate that more research must be made into the inter-
relationship of the temperature boundary conditions, in the field and as modeled in the 
laboratory, and resulting subsequent deformation before more definite conclusions 
can be made. 

It is known that the strength and density of compacted soil are dependent upon tem-
perature. Because temperature changes in the field are continuous, establishment of 
continuous temperature profiles beneath the surface becomes desirable. By assuming 
homogeneity the ability to predict changes becomes simplified. Establishment of tem-
perature profiles permits correlation to be made between surface temperature and 
moisture migration in a somewhat continuous, rather than steady-state, basis. Where 
recompacted soils are subject to stress, changing temperature patterns can create 
varying deformation patterns, depending on the boundary conditions (both flow and tem-
perature) of the soil. While heat conduction theory can be used with some certainty, 
it becomes imperative to model the field conditions in the laboratory by proper choice 
of boundary conditions. Then, the use of heat conduction theory with proper laboratory 
testing should prove of great benefit in analyzing and predicting field soil performance 
under transient temperature conditions. 
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Some Temperature Effects on Soil Compressibility 
And Pore Water Pressure 
ROBERT L. PLUM, Goldberg-Zoino and Associates, Cambridge, Mass., and 
MELVIN I. ESRIG, Cornell University 

Data are presented to show that heating a cohesive soil increases its com-
pressibility at low levels of applied stress and also produces volume de-
creases. The volume changes associated with temperature increases are 
shown to be related to the degree of overconsolidation of the soil, decreas-
ing as the overconsolidation ratio increases. Cooling the soil alters its 
stress-strain characteristics and causes it to behave as if it were over-
consolidated. Secondary compression rates are shown to be affected only 
slightly by heating and significantly by cooling. Temperature -induced pore 
water pressures in undrained triaxial specimens are shown to be related 
to the stress history of the specimen and, for some materials, predictable 
from the results of triaxial consolidation tests. 

THE BEHAVIOR of soils under a particular stress system and at a constant tempera-
ture is governed by the stress (or strain) history of the material and by the applied 
effective stresses. Altering the temperature of a soil specimen can produce effects 
similar to changes in stress history (2, 5, 7, 12, 13) and can produce changes in the 
pore water pressures within the material (2 51215). 

Clearly, any such changes, if unrecognized, may have important engineering im-
plications. For example, a sample of a marine sediment may have been subjected to 
a temperature increase of 20 C between the time it was recovered from the ocean floor 
and was brought to the laboratory for testing. Temperature changes of this magnitude 
can be expected to alter the mechanical behavior of the soil and complicate, or make 
impossible, a proper engineering solution to a submarine problem. 

Large temperature changes, frequently of a cyclic nature, also occur in more con-
ventional circumstances. Samples obtained at a building site during the winter are 
subject to temperature decreases upon removal from the ground and then to tempera-
ture increases when they arrive in the laboratory, unless considerable care in handling 
is exercised. The reverse can occur in summer or in hot climates where the air tem-
perature exceeds that of the ground and the laboratory. Thus, soil samples are fre-
quently subjected to large temperature changes, and engineers must be in a position 
to evaluate the way these changes affect the mechanical behavior of the material. 

SUMMARY OF LITERATURE 

There is experimental evidence to indicate that the heating of a cohesive soil will 
cause it to decrease in volume (4, 12, 13), to decrease in undrained shear strength, 
and, perhaps, to exhibit a decrease in shear strength parameters obtained from an 
effective stress analysis (10). The observations suggest that temperature increases 
do not alter significantly the compressibility of soil upon continuous loading although 
its void ratio at a given pressure declines with increasing temperature (2, 3, 4). 

Lambe (frexplained  the decrease in volume of cohesive soils on heating using the 
double layer equations presented by Marshall (10). The development of these equations 
includes the assumption that the dielectric conãnt of the pore water is unaffected by 
temperature. In this form, the equations suggest that an increase in temperature de-
presses the electric double layer and permits the soil particles to move together. 

231 



232 

TABLE 1 	 Direct measurement of changes in 
SOIL INDEX PROPERTIES 	 particle spacing with variations in tern- 

1 	
perature in a montmorillonite slurry sub- 

Index Property 	
01 	

jected to low stresses were reported by 
Elite Newfield Clay 	Yong et al (17). They observed volume 

Liquid limit, percent 	112 	 25 	 increases in sodium montmorillonite sub- 
Plastic limit, percent 	 28 	 14 	 jected to temperature increases at con- 
Plasticity index, percent 	84 	 11 

76 	 74 	
stant externally applied stresses of less 

pH 	 5:1 	7:9 	 than one atmosphere. One might expect 
Percent clay (<0.002 rim) 	96 	 32 	 that the increase in energy associated with 
Primary clay minerals 	Elite 	Hydrous Mica 

Chlorite 	heating a soil would cause the expansion 
of the electric double layer in accordance 
with Yong' s observations rather than the 
decrease in thickness suggested by Lambe. 

The observation that temperature increases cause a decrease in soil volume as long 
as the drainage of pore water is permitted and the fact that, when heated, water will 
expand more than soil, leads to the conclusion that excess pore water pressures will 
develop whenever drainage is restricted. Temperature-induced pore water pressures 
have been reported by a number of investigators (2, 4, 12, 14, 15). 

Several expressions have been developed to peimit prediction of the temperature-
induced pore water pressures (2, 14, 15). These expressions account for the volume 
changes in soil and water due to temperature changes but do not consider any changes 
in soil compressibility with temperature or the effects of secondary compression. 

The research on temperature effects in cohesive soils has established that tempera-
ture increases cause volume decreases and has suggested that the volume change is 
somewhat dependent on rate of temperature increase (13). It is not yet clear how the 
stress history, perhaps as defined by the overconsolidion ratio, affects the observed 
volume changes. Nor is it clear why the heating of a soil temporarily increases its 
compressibility (i. e., causes the soil to decrease in volume while under a constant 
applied stress) but no change in compressibility from the preheating condition is ob-
served when loading is continued at the new, higher temperature. The investigation 
reported herein was performed in an attempt to clarify some of these points and to gain 
insight into the phenomenon of pore water pressure development due to temperature 
change. 

MATERIALS AND EXPERIMENTAL OBSERVATIONS 

Two remolded soils were used in the testing program. One was a fractionated 
ihitic material of high liquid limit and the other a glacial lake clay obtained from New-
field, New York. The properties of the soils are given in Table 1. 

Submerged, 3/4-in. thick soil specimens were tested in a fixed ring consolidometer 
around which water was circulated at a constant temperature. The tests were per-
formed at temperatures of 50 and 24 C. About 3 hours were required to change the 
temperature of the circulating water by 26 C. Maximum variations of less than 2 C 
from these fixed temperatures occurred during the testing program and were found 
experimentally to have virtually no effect on the readings. 

Temperature Effects on Volumetric Strain 

Samples of illite and Newfield clay were poured into consolidometer rings as slurries 
and were consolidated to a pressure of 1. 7 psi at an initial temperature of 24 C before 
any heating was done. The initial water content of the ihite was 180 percent and the 
initial water content of the Newfield clay was 44 percent. Consolidation was begun 
from a slurry in order to insure that the soil would be normally consolidated at very 
low pressure. Three tests were performed with each of the materials. In one test 
the soil was consolidated at a constant temperature of 24 C, in a second a temperature 
of 50 C was maintained, while in the third test the sample was loaded to 30 psi (New- 
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1,0 	 10 	 100 

APPLIED VERTICAL PRESSURE, PSI 

Figure 1. Consolidation test on Newfield clay. 

field clay) or 40 psi (ihite) at 24 C, then heated to 50 C and loading was continued. The 
results of these three tests on each of the materials are shown in Figures 1 and 2. 

To facilitate comparison of the test results and to correct for small variations in 
the initial moisture content of the individual specimens, all of the test data have been 
normalized to a common void ratio at 1. 7 psi of pressure. The curves in Figures land 2 

1,0 	 10 	 100 
APPLIED VERTICAL PRESSURE, PSI 

Figure 2. Consolidation test on illite. 
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TABLE 2 

COMPRESSION INDEXES OF SOILS AT DIFFERENT TEMPERATURES 

flute Newlield Clay Test 
Temperature 

(deg C) Low Pressure High Pressure Low Pressure High Pressure 
(<30 psi) (>30 psi) (<30 psi) (>30 psi) 

50 1.40 0.86 0.238 0.170 
24 1.24 0.82 0.208 0.170 

Transition 
Test 

50 - 0.84. - 0.170 
24 1.23 - 0.204 - 

indicate that at applied pressures smaller than about 30 psi both soils were more com-
pressible when tested at 50 C than at 24 C. However, at pressures in excess of 30 psi, 
little difference in compressibility was apparent. In the transition tests, where the 
soil was first loaded to 30 psi before heating, the temperature change produced essen-
tially no volume change of the inactive Newfield clay and about a 1 percent volumetric 
strain of the illite. 

The slopes of the curves in Figures 1 and 2 are indicative of the compressibility 
of the soils and are defined as the compression indexes of the materials. Clearly, 
the compression index of each of the materials varies as a function of pressure and of 
temperature. This is in contrast with the observations of others (2, 3, 4). The com-
pression indexes of the two materials at pressures above and below 30 psi and at tem-
peratures of 50 and 24 C are given in Table 2. 

The results of the transition tests (Figs. 1 and 2) showed that, alter heating, both 
materials continued to behave as normally consolidated clays. The effect on the be-
havior of the material of heating to 50 C and then recooling to 24 C was investigated 
using the illitic material. Some of the results of this investigation are shown in Figure 
3. Although recooling caused a slight expansion of the material, the volume change is 
too small to be shown on the figure. It can be seen that the cycle of heating and cooling 
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Figure 3. Effect on stress-strain behavior in consolidometer of heating and cooling illite. 
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has caused the soil to behave as if it were over-
consolidated. Furthermore, the new virgin por-
tion of the consolidation curve, established by 
reloading after completing the cooling-reheating 
cycle, is displaced from the original virgin 
curve toward higher pressures. The reloaded 
soil appears to behave as if it were more over-
consolidated than the volumetric strain associated 
with heating would suggest. Apparently a quasi-
pre consolidation load similar to that found by 
Leonards and Rahmiah (8) was developed. This 
observation suggests thaf laboratory testing of 
natural soils that have been heated and recooled 
during the period of handling could lead to an 
incorrect evaluation of the maximum previous 

	

LOGARITHM OF APPLIED PRESSURE 	pressure to which the material had been 
subjected. 

	

Figure 4o. Definition of overconsolida- 	In assessing the effect of temperature changes 
tion ratio, 	 on natural soils, it is of interest to investigate 

the relationship between the volumetric strain 
produced by heating and the over consolidation 

ratio of material. When a soil is unloaded and then reloaded it arrives at the void 
ratio associated with the maximum previous pressure at a somewhat lower stress level 
and does not rejoin the virgin portion of the stress-strain curve until the maximum 
previous pressure has been exceeded. This is illustrated in Figure 4a. Because of 
this reloading behavior it is most convenient to define over consolidation ratio as the 
ratio of the equivalent consolidating pressure Pe  to the current pressure p0  at the 
time the soil is heated. The equivalent consolidation pressure is defined as the pres-
sure required during the first cycle of loading to bring the material to the same vOid 
ratioit exhibitedat the time it was 
heated. This definition is also 

.... 	A... 	 ' - LLLUOLLdLeU in Figure '±d.. 1.20  
The relationship 	between the 

volumetric strain and the overcon- 
solidation ratio Pe/Po  for the ihitic 
material is shown in Figure 4b. " 00 

It is evident that the 	volumetric 
strain associated with temperature 
increases decreases significantly ö,au 
as the soil is over consolidated and 
is essentially zero at an overcon- 
sohidation ratio of the order of 1.7. 

060 These data suggest that volume 
change resulting from temperature 
cycling is considerably less ith- 
portant for over consolidated soil 0.40 
than for normally consolidated soil. 

Temperature Effects on Secondary U.20 
Consolidation 

Several investigators have re-
ported that the heating of cohesive 
soils increases the rate of secon-
dary consolidation (2, 9, 16). They 
also report thet secondary con-
solidation is of minor importance 

10 12 14 1 18 2 
OVERCONSOLIDATION RATIO 

Figure 4b. Effect of overconsolidation ratio on volume 
change of illite heated from 24 C to 50 C. 
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Figure 5. Effect of heating and cooling on. secondary. consolidation behavior of illite. 

in over consolidated soils. Two tests were performed with the ihitic material in order 
to investigate these statements. 

The ihitic material exhibited a rate of secondary consolidation, defined by the slope 
of the consolidation curve on a plot of e/(e + 1) vs logarithm of time in hours, of 
0. 005 when the temperature was 24 C. Figure 5 shows the results of a test in which 
a specimen of the same material was heated to 50 C after primary consolidation was 
completed and the volumetric strain due to heating was permitted to occur before the 
sample was cooled back to 24 C. Alter cooling, the volumetric strain of the specimen 
was observed for the next 5 days. It is important to note that about one day was re-
quired for the heating of the sample and for straining under the change in temperature. 
During the last 5 days, the relationship between volumetric strain and the logarithm 
of time was linear and had a slope ca of 0.001. This is one-fifth of that exhibited by 
the normally consolidated material and suggests, once again, that the heating caused 
the sample to behave as if it were over consolidated. 

In a second test, the soil was consolidated at 24 C, heated to 50 C, and allowed to 
consolidate at this new temperature. As before, the heating caused a volumetric 
strain that required about one day to dissipate. Thereafter, the soil redefined a secon-
dary consolidation curve with a slope ca  of 0. 0053, which was only slightly larger than 
the slope of 0. 0048 observed before heating. 

It is of passing interest to note that the slopes of the secondary consolidation curves 
shown in Figure 6 increase by 10 percent due to heating and that the thermal energy, 
given by the ratio of the absolute temperatures of 323 C/297 C, was also increased by 
about 10 percent. Considered to be of greater significance, however, is the observa-
tion that increasing the temperature of the consolidating specimen of illitic material 
produced a rather small change in its secondary consolidation characteristics. How-
ever, this small change was only observable when the specimen was permitted to con-
solidate for a considerable time after the temperature change had occurred. It is con-
sidered possible, therefore, that the marked changes in secondary compression char-
acteristics due to increases in temperature that have been reported by many investi-
gators (2, 9, 16) have been confounded by the volumetric strains associated with heat-
ing. Further work in this area is apparently required. 
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Figure 6. Effect of heating on secondary consolidation behavior of illite. 

ature Effects on Pore Water Pressure 

A lengthy discussion has been presented by Campanella and Mitchell (2) on whether 
or not the pore water pressures developed by changing the temperature of a soil speci-
men under undrained conditions should follow a closed hysteresis loop on temperature 
cycling as they observed (12) or should produce a pore water pressure that increases 
at a decreasing rate with each cycle to some maximum value. Their discussion indi-
cated quite clearly that temperature cycling under undrained conditions was akin to 
repeated loading of the soil and suggests that in a soil like Newfield clay that exhibits 
no significant decrease in volume with increases in temperature, the pore water pres-
sure developed by temperature changes should be directly predictable from the results 
of a triaxial consolidation test where the three principal stresses are equal. 

Temperature cycling of Newfield clay remolded at a water content of 19 percent was 
done in a triaxial cell surrounded by a constant -temperature water bath. A backpres-
sure of 30 psi was used to insure complete saturation of the soil, and pore water pres-
sures were measured using a temperature -compensated pressure transducer. The 
temperature was varied between about 14 and 35 C, with some variation occurring in 
the actual end-points, at effective consolidating pressures of 20, 40, and 60 psi (cell 
pressures of 50, 70, and 90 psi). The results of the tests at 40 psi are shown in Figure 
7 and indicated, as did the tests at 20 and 60 psi, that there was a gradual increase in 
pore water pressure for four cycles of temperature, after which no increase in pore 
pressure was observed with additional cycling. 

The data in Figure 7 are similar to those presented by Campanella and Mitchell (2) 
for San Francisco Bay mud, Henkel and Sowa for Weald clay (5), and Sangrey for New-
field clay (15). They differ from the earlier data obtained by Mitchell and Campanella 
(12) in that they show the development of the hysteresis loop after four temperature 
cles. This loop is not clearly defined in Figure 7 because the pore pressure measure-
ments could only be obtained at the end of a temperature cycle after sufficient time had 
elapsed for temperature equalization throughout the system. The importance of these 
differences among the data can be discussed best after consideration is given to the 
results of a triaxial consolidation test to simulate temperature cycling. 
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50 	
I 	 Volume changes in the consolidation test 

were measured using a volume change gage 

INITIAL EFEECTIVE 	 that was calibrated and accurate to 0.0002 cc 
STRESS = L1U PSI 	

: 	and was connected to the backpressure system 

	

- 	 - 	and to the specimen. Stress cycling was done 
- 	INITIAL op 	 between two void ratios. / The change in void 

RATIO = u,qb2 	 ratio actually used corresponds to the volume 
expansion of the water in the sample when it is 
heated between 14 and 38 C. The results of this 

	

O - 	 - 	test in which cycling was done at effective con- 
solidation pressures of 40 and 60 psi are shown 
in Figure 8. For clarity, only the unloading 
paths are shown in Figure 8 by single lines. 

	

- 	 It required five stress cycles in the consoli- 
dation test to develop a closed hysteresis loop 
rather than the four cycles of temperature re-
quired before no further change in pore water 
pressure was observed. A portion of this dif- 

	

30 - 	 - 	ference may be the result of the nonuniformity 

	

I 	 of the temperature cycling, which is apparent 
10 	 20 	 30 	L4 	from an inspection of Figure 7, and the rest 

	

TEMPERATURES C 	 may be associated with the somewhat too-large 

	

Figure 7. Pore water pressures resulting 	void ratio change used in the simulated tempera- 

	

from undrained temperature cycling of 	ture test (the consolidation test). 

	

Newfield clay. 	 A comparison of the pore water pressures 
measured in the undrained tests (Fig. 7) with 

those predicted from the drained tests (Fig. 8) is given in Figure 9. The pore pres-
sures given in Figure 8 were extrapolated or interpolated, as required, so that the 
comparison could be made for the temperature range of the consolidation test, i. e., 
for a temperature. variationof 14 to 38 C. 

The results.of the triaxial consolidation and undrained triaxial tests in which the 
temperature was varied can.be  seen to be in good agreement when the specimen was 
reloaded or the temperature returned to its initial value and in poorer agreement at 
the higher pore pressures representing the unloading of the soil or the increasing of 
temperature. It is concluded that the drained consolidation test to simulate tempera-
ture cycling provides a reasonable representation of the stress changes produced by 
temperature changes, at least for materials that undergo minimal volume changes due 
to temperature increases. 

The data in Figures 7 to 9 appear to substantiate the basic assumptions made in 
developing equations.to  predict pore pressure changes due to temperature fluctuations 
(2, 14, 15). Equally important, however, is the observation that it takes several 
cycles of loading and unloading or of temperature yariation before a hysteresis loop 
can be expected. 

The drained stress cycling of the Newfield clay between two fixed void ratios pro-
duced a material that was overconsolidated. It would appear that it is only when the 
material is somewhat overconsolidated that a closed hysteresis loop can and does 
develop. This could be the explanation for the observations of Campanella and Mitchell 
(2). The two materials they tested that exhibited a hysteresis loop almost immediately 
upon temperature cycling were overconsolidated. Their illitic soil and been overcon-
solidated by drained temperature cycling before the undrained tests were performed 
while their kaolinitic material was over consolidated by initially cooling the sample 
before the temperature was raised and then cycling back to the cooled temperature. 

Thus, the data included herein suggest an explanation for the hysteresis effect noted 
by some and not observed by others. They also suggest the validity of the approach 
used to predict pore water pressures in undrained specimens due to temperature changes 
(2). Newfield clay was an appropriate material to use in arriving at these conclusions 
because the test results reported earlier indicate that temperature increases cause 
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little volume change and virtually no change in compressibility within the pressure 
range of the investigation. 

MECHANISTIC INTERPRETATION OF SOIL BEHAVIOR DUE TO HEATING 

A cohesive soil may be considered to be composed of clay platelets of various shapes 
and sizes packed in some fashion dependent upon its manner of deposition (or artificial 
preparation) and its environment. Loads applied to the material externally are trans-
mitted through the system at points of particle "contact.' In this concept, the clay 
fabric is pictured as a complex three-dimensional truss with the contact points as the 
joints. The forces at the contacts are the Van der Waals forces of attraction, the re-
pulsive forces due to the interaction of the electric double layers on the clay surfaces, 
and some portion of the externally applied forces. If the electric double layers are 
expanded and, as a result, the repulsive forces increased, readjustment of the soil 
structure under the applied loads can be expected. 

Decreases in soil volume with expansion of the electric double layer have been re-
ported by Kenney (6). While maintaining a constant, externally applied, axial force 
on a soil specimen in a consolidometer, Kenney leached salts from samples of non-
cemented Norwegian marine clays, thereby increasing the thickness of the electric 
double layer, and he observed a marked decrease in the volume of the specimen. The 
decrease in volume was pressure-dependent and was most pronounced at high pres-
sures. Kenney explained this observation by reference to interparticle forces and to 
Lambe's (7) mechanistic model of soil behavior. He suggested that the expansion of 
the electric double layer decreased the effective stresses at the particle contacts, 
which permitted shear failures to occur at these contacts. Volume decrease (consolida-
tion) is the manifestation of these shear failures. 

By hypothesizing that heating expands the electric double layer, as the leaching of 
the salts is known to do, it is possible to explain the apparently contradictory observa-
tions of Lambe (7) and Yong (17), discussed earlier. The tests reported by Yong et 
al (17) were performed on sodium montmorillonite specimens consolidated from a 
slurry at pressures of less than 1 atmosphere. The concentrations of salts in the pore 
fluid were such that a reasonably dispersed structure (parallel clay plates) might be 
expected. Interparticle contact was probably small. Consequently, expansion of the 
electric double layer by heating would be expected to cause the observed volume 
increase. 

The clays used in the tests reported by Lambe (7) and others were less active and 
interparticle contacts were important. Expansion of the electric double layer would, 
in this case, reduce the effective stresses at the points of contact and permit shear 
deformations and consolidation to occur. Mechanistically speaking, Lambe (7) and 
Kenney (6) suggested that the effective stress at the point of contact N' is related by 
Eq. 1 to the stress N associated with the externally applied loads, to the repulsion 
R of the electric double layers, and to the attraction A of the Van der Waals attrac-
tive forces: 

N'=N-(R-A) 	 (1) 

The resistance to sliding at the particle contact is assumed to be some function of 
N'. If some constant external force is assumed, then changes in interparticle effec-
tive stress are related to changes in the repulsive and attractive forces. It is com-
monly assumed that the respulsive forces decrease exponentially with interparticle 
distance while the attractive forces vary with the inverse third power of the interparti-
cle spacing. In accordance with Eq. 1, an increase in the thickness of the electric 
double layer, which increases the interparticle repulsion when the particle spacing is 
essentially fixed, decreases N' and therefore decreases the shearing resistance at 
the particle contact. When the shearing resistance at the points of contact is reduced 
and the shearing stress is maintained sensibly constant, shear displacement can be 
expected. The displacement will continue until the particles are rearranged to a con-
figuration that is stable under the new effective stresses. 
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The preceding argument suggests that the heating of a cohesive soil with a signifi-
cant number of interparticle contacts should lead to the increase in compressibility 
observed at low pressures in the tests reported herein rather than produce no change 
as observed by others (2, 3, 4). 

It is also of interest to note that Yossef et al (18) have shown that the liquid and 
plastic limits of soils decrease with increasing temperature. They explain their re-
sults by reference to the decreasing viscosity of water with increasing temperature. 
However, it is clear that both the liquid and plastic limit tests are measures of the 
shearing resistance of the soil and therefore their observations are considered to be 
in agreement with the mechanistic model proposed and to be explained better by refer-
ence to this model. 

Tests by Burmister (1) also tend to confirm the foregoing hypothesis. Burmister' s 
tests show that the maxiinum dry density that can be obtained from a Proctor compac-
tion test is increased as the temperature increases. At 65 F, the dry density of a 
particular soil was found to be 104 pcf at the optimum moisture content. The same 
material achieved a dry density of only 90 pcf at 35 F. 

The proposed model may also be used to explain the observation that decreasing 
the temperature of a consolidating soil mass causes it to behave as if it were over-
consolidated. By decreasing the temperature, the electric double layer is compressed, 
the repulsive forces are reduced, and the shearing resistance at the points of contact 
is increased. Thus, a large increase in external stress is required before significant 
further consolidation is obtained. 

SUMMARY AND CONCLUSIONS 

Data have been presented to suggest that temperature increases do, indeed, cause 
changes in the compressibility of soils. However, the compressibility changes are 
most notable in soft soils consolidated under small stresses. At applied stresses in 
excess of about 30 psi, temperature increases appear to produce insignificant changes 
in compressibility. 

Cooling a sample causes it to behave as if it were over consolidated, as suggested 
by Campanella and Mitchell (2), and appears to produce a quasi -pre consolidation load. 
This temperature -induced alteration in stress history could be of consequence when 
the results of laboratory tests are applied to field problems. 

The volume change of a specimen subjected to an increase in temperature is de-
pendent on its degree of over consolidation. At an over consolidation ratio of 1. 7, no 
apparent volume decrease occurred in the ihitic material as a result of a temperature 
increase of 26 C. 

Secondary compression rates appear to be only slightly affected by increases in 
temperature, provided that sufficient time is allowed for the volume change associated 
with the temperature increase to be dissipated. This conclusion is in sharp contrast 
to the conclusions reached by others (2, 9, 16). In agreement with the observations 
of others (2), the data indicate that overconiidation of soil by decreasing its tempera-
ture reduces the rate of secondary consolidation dramatically. Consequently, for those 
soil problems in which secondary consolidation is an important consideration, great 
care must be exercised in obtaining, handling, and testing the specimens. 

Temperature changes are known to induce pore water pressures in soils. The new 
data presented herein suggest that current techniques for the prediction of these tem-
perature-induced pore water pressures are sound and that for some materials, at least, 
the pore water pressures can also be predicted from the results of consolidation tests 
in which the specimen is unloaded between two void ratios. 
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Soil Stabilization by Incipient Fusion 
JAMES L. POST and JOSEPH A. PADUANA, 
Department of Civil Engineering, Sacramento State College 

A procedure is given for determination of the melt range of soil-
additive mixtures using the phase equilibria approach, thus mak-
ing possible the choice of a fluxing agent to bring the melt range 
of the mixtures within the capabilities of existing mobile down-
draft heaters. The investigation includes the melt-temperature 
range of soils with respect to their composition, an analysis of 
soils representative of the various oxide combinations found in 
soil types comprising the surface of the earth, and the thermal 
stabilization of a soil by use of a common fluxing agent to lower 
the incipient fusion temperature. 

The behavior of soils at high temperatures was investigated to 
predict phase changes and melt ranges for the mineral combina-
tions existing in soils. A list of common clay and non-clay mm-
erials is presented, including structural water contents, typical 
atomic proportions of dry melt, and melt-temperature ranges, 
and a method is described for estimating the full-melt tempera-
tures of soils with these data. Some estimated and observed fu-. 
sion ranges are given for soil aggregate material. 

Mineralogy and oxide combinations of common soil types of 
the world are considered, and a list of representative soils is 
presented together with the soil mineral contents. 

A typical soil from the Sierra Uplift was investigated for min-
eral content, and the reduction in soil full-melt temperature was 
estimated for increments of soda ash additive necessary to bring 
the temperature within usable range for practical thermal stabi-
lization. Pyrometric cone tests, combining visual observation 
with thermo-electric recording, were used to determine the soil-
additive incipient fusion temperatures. 

Further research is needed on the effects of type and amount 
of fluxing agent on the properties of thermally stabilized soils. 

THE INITIAL investigation into high-temperature soil properties was undertaken be-
cause a space isotope power supply may eventually return to earth and become buried 
in a soil, and such a system is thermally very hot. The purpose of this investigation 
is to show how the approximate melt range of a soil may be determined using the phase 
equilibria approach, and to show how the soil melt range may be lowered by the addi-
tion of an appropriate fluxing agent to make possible the thermal stabilization of a typ-
ical soil for road construction with existing equipment. 

SOIL MINERAL COMPONENTS 

The entire soil horizon consists of in-place weathered rock or transported material 
comprised of certain mineralogical suites, which are primarily determined by source 
material, climate, and topography. There are ordinarily two or three colloidal-size 
minerals that predominate in a soil depending on the weathering stage of the soil. 

The silicate minerals that form the predominant portion of most soils, along with 
carbonates, sulfates, and oxides, may be described in terms of constituent oxides 
when considering the melt range of any soil complex. The composition of the crust of 
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the earth has been estimated to consist of approximately the following oxide percent-
ages: SiO2, 59. 8; Al203, 14.9; Fe203, 2. 7; FeO, 3.4; MgO, 3.7; CaO, 4.8; Na2O, 
3. 2; K20, 3.0; 1120, 2.0; Ti02, 0. 8; CO2, 0. 7; P2 05, 0. 3; remainder, 0.7. These 
twelve oxides, which form the predominant portion of the earth's crust, vary in melt 
temperature from 0 C for H20 to 2800 C for MgO but have an average melt range of 
about 1300 C. 

Certain components of soils were first investigated during the latter part of the 19th 
century by ceramists to determine their fluxing properties. The soil components of 
primary interest to the ceramists were the clays and feldspars, especially kaolinite 
and microcline. During this time research was also conducted on the high-temperature 
physical characteristics of silica-alumina refractory bricks for use in metallurgical 
processes. 

Most of the soil mineral investigations undertaken in agriculture and mineralogy 
have involved reactions at ambient temperatures. The study of the formation and 
alteration of rocks and minerals at high temperatures and pressures has been under-
taken primarily in geochemistry and geophysics and is far from being complete. Much 
work has also been done with the high -temperature phase relations of metals, alloys, 
and oxides in metallurgy. 

SOLID PHASE REACTIONS 

A soil mass consists of a network of solid particles enclosing voids filled with 
moisture and gas. The solid particles may consist of many different minerals, some 
of which contain water as an integral part of their crystal lattice structure (hydration 
compounds). Most solid particles also hold surface water layers by means of molec-
ular attraction (adsorption). A soil mass may also contain carbonate and sulfate min-
erals which, when heated sufficiently, will degas with subsequent alterations in crys-
talline structure. 

The clay minerals (hydrous layered silicates) may also contain layers of water that 
are bound to the clay mineral surfaces by the residual negative charges possessed by 
the clay mineral structures and the cations, such as Ca++ or Na+, contained in the 
water. This "bound water" requires considerable heat energy to be separated from 
the solids. Many common soil minerals suffer a significant weight loss when the min-
erals are heated through their solid phase ranges. Nutting (1) and Grim (2) have given 
weight loss data for the more common clay minerals and the more common hydrous 
non-clay soil minerals. 

When the temperature of the soil mass is first increased the free interstitial water 
is driven off, then the adsorbed water is driven off. The bound water held by the clay 
minerals may not be completely and irreversibly driven off until many of the hydrated 
soil minerals, such as gypsum, goethite, and gibbsite, are also dehydrated. As the 
soil mass is heated further the hydration water is driven off and new minerals are 
formed having different crystalline morphologies. Often several solid-state phase 
changes may ensue, with the hydration water being driven off in stages and then the 
anhydrous minerals going through several phase changes. 

At higher temperatures the carbonate soil minerals, such as calcite and dolomite, 
begin to break down, the partial pressure of the carbon dioxide increases rapidly, even 
in calcite above 600 C, and at higher temperatures the solid-state phases of the oxides 
result (1, p.  216). The chlorides, sulfides, and sulfates are metastable when heated 
in air; the sulfides tend to become sulfates and the minerals melt without oxidizing 
when forming a predominant part of the soil mass. If a large part of the surface area 
of the soil mass is exposed to air the chlorides and sulfates will eventually oxidize with 
a resultant loss of chlorine and sulfur dioxide as the temperature is increased; how-
ever, the sulfates tend to be stable even in the molten state under some conditions. Of 
these chlorides and sulfates, halite and gypsum are the only two common soil minerals 
that are encountered in soils, and these minerals seldom comprise a predominant part 
of the soil masses except in hot arid playas, such as the bolsons of the southwest United 
States. 



245 

The figures and tables given by Nutting (1) may be used to estimate weight losses 
in soil masses when heated. It is only necessary to know the quantitative mineralogy 
of the soil mass to estimate the weight loss of the soil for any temperature. Most soil 
masses consist largely of quartz and feldspars and thus, when heated, will suffer weight 
losses mainly from the gassing of free pore water and adsorbed water. 

LIQUID PHASE 

The congruent melt point of a compound is the temperature at which the liquid phase 
of the compound is in equilibrium with the solid phase. When there is more than one 
compound present, each with different melt points, the mixture will melt incongruently. 
Most soils consist of mixtures of minerals comprised of several different oxides and 
therefore will exhibit incongruent melt ranges rather than a melt point. 

A mixture of two or more solid compounds, when heated to the eutectic temperature, 
produces a certain amount of liquid by interaction or fusion, but the upper melt point 
of the combination of minerals will depend on the mixture ratio. A eutectic mixture 
will melt congruently. The temperature range in which there is a phase change from 
solidus to liquidus is dependent on the mixture of soil minerals and the rate of heating. 
The rate of heating in turn is dependent on several soil parameters, such as grain size 
distribution, absolute density, gas-phase conditions, and moisture content. 

MELT POINT DETERMINATION 

At a temperature of about 500 C the adsorbed water on the clay particles will be 
driven off irreversibly, and by 900 C the CO2  will be driven off the calcium carbonate. 
The SO3  of the sulfates and the organic content of the soil also will have been mostly 
driven off. The organic material may cause a reducing action when being burned off. 

The typical composition of the more common soil minerals is listed in Tables 1 and 
2 together with the atomic proportions of oxides present at dry melt conditions. The 

TABLE 1 

COMMON SOIL MINERALS (NON-CLAY) 

Mineral 
Structural 

Waler 
(4) CaO KO 

Typical Atomic Proportions of Dry Melt 

Na,O 	FeO 	Fe,O 	TiO 	MgO AlO, SiO, 

Melt Point (deg C) 

Estim. 	Observed 

Feldspars: 
Albite - 0.004 - 0.114 - - - - 0.200 0.682 1115 1100-1200 
Oligoclase - 0.040 - 0.091 - - - - 0.232 0.637 1200 1200-1300 
Andesine - 0.078 - 0.067 - - - - 0.261 0.594 1305 1300-1355 
Microcline - - 0.133 0.024 - - - - 0.198 0.645 1355 1150-1530 
Orthoclase - - 0.105 0.042 - - - - 0.199 0.654 1305 1150-1530 
Anortlioclase - 0.012 0.042 0.080 - - - - 0.207 0.659 1200 1100-1200 

Amphiboles: 
Hornblende 1.9 0.124 - 0.010 0.101 0.034 0.009 0.150 0.073 0.499 - 1180-1220 

Pyroxenes: 
Enstatite 0.3 0.008 - - 0.046 0.006 - 0.353 0.010 0.577 - 1380-1500 
Augite 0.5 0.193 - - 0.094 0.019 0.008 0.142 0.035 0.509 - 1150 

Carbonates: 
Calcite 44.44CO 1.000 - - - - - - - - 2550 2570 
Dolomite 47.4CO2 0.579 - - 0.025 - - 0.396 - - 2300 2100 

Sulfates: 
Gypsum 20.6 1.000 - - - . - - - - - 2550 - 

Zeolites: 
Analcite 8.3 - - 0.147 - - - - 0.254 0.599 1150 - 

Iron oxides: 
Hematite - - - - - 1.000 - - - - - 1594 
Goethite 10.5 - - - - 0.987 - - - 0.013 1585 - 
Magnetite - - - - 0.309 0.691 - - - - - 1594 

Alumina oxides: 
Gibbsite 33.7 - - - - - - - 0.979 0.021 2025 2020 
Corundum - S  - - - _ 0.010 - - 0.983 0.007 2025 2020 

Others: 
Quartz - - - - - - - - - 1.000 - 1720 
ilmenite - 	S  - - - 0.411 0.071 0.505 0.013 - - 1390 1400 
Halite - - - - - - - - - - - 801 
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TABLE 2 

COMMON CLAY MINERALS 

Mineral 
Structural 

Water 
(%) CaO 	KO 

Typical Atomic Proportions of Dry Melt 

Na20 	FeO 	Fe03 	TiO 	MgO AlO, Si02 

Melt Point (deg C) 

Estim. 	Observed 

Kandites: 
Kaollnite 14.3 - 	- - 	- - 	- - 0.460 0.540 1810 1785 
Halloysite 17.4 - 	0.006 - 	- - 	- - 0.456 0.538 1800 1775 

Smectites: 
Montmorillonite 21.2 0.030 	- - 	- 0.029 	- 0.041 0.236 0.664 1490 - 
Nontronite 22.4 0.029 	- - 	- 0.380 	- - 0.071 0.520 1580 - 

Micas: 
Muscovite 4.8 - 	0.106 0.009 	- - 	- - 0.395' 0.490 - 1255-1290 
Phlogopite 3.1 - 	0.098 - 	0.048 0.031 	0.016 0.231 0.158 0.418 1200 - 
Biotlte 2.3 - 	0.086 - 	0.186 0.056 	0.038 0.094 0.153 0.387 - 1155-1240 

Others: 
illite 7.2 - 	0.071 - 	- 0.041 	- 0.019 0.279 0.600 1590 - 
Vermlcuiite 19.1 - 	- - 	0.012 0.065 	- 0.291 0.197 0.435 1580 - 
Rapidolite 11.3 - 	- - 	0.255 0.034 	- 0.185 0.231 0.295 1540 - 
Attapulgite 19.9 - 	0.006 - 	- 0.044 	- 0.131 0.129 0.690 1530 1380-1500 
Serpentine 13.5 - 	- - 	- 0.005 	- 0.483 0.012 0.500 1800 - 

estimated and observed melt ranges are given for non-clay minerals in Table 1 and 
clay minerals in Table 2. The typical mineral compositions are derived from data 
tabulated by Deer et al (3). 

The most common minerals forming the rocks of the outer crust of the earth are 
feldspars, quartz, micas, amphiboles, and pyroxenes, the feldspars often comprising 
more than half of this combination. Because the soils are derived from the earth's 
rock crust, a large portion of soils will consist of feldspar, quartz, and micas, the 
amphiboles and pyroxenes being more susceptible to weathering. Clay minerals are 
largely of diagenetic origin and may be formed in place or be detrital; kaolinite, illite, 
and montmorillonite are the most common clay minerals. 

To determine the melt range for any soil, the mineral constituents of the soil must 
be identified and the amount of each mineral present must be ascertained. The soil con-
stituents may be expressed as oxides, as in Tables 1 and 2, and their atomic propor- 

POTASH FELDSPAR 

1260°C 

16 55 

QUARTZ / 	' ' ' 	 " ' " ' "' 	" 	" ' " 	KAOLIN 
17100C 	1645 1610 	1630 	1665 	1725 	 . 17650C 

Figure 1. Feldspar-kaolin-quartz ternary phase diagram rafter Wilson (6)]. 
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Figure 2. A portion of the system Na20-A03-Si02 ; composite [after Levin et a! (5)]. 

tions may then be computed. After the soil mineral composition is determined, a sum-
mation of the more predominant oxides must be made. 

The upper melt range of the soil may be determined from oxide ternary phase dia-
grams. In general there will be only three or four predominant oxides in the soil. 
When more than three oxides are present, an interpolation must be made between 
phase diagram temperature values. This interpolation may be considered as linear in 
nature for purposes of estimating the soil melt range because a slight depression in 
melt point is ordinarily produced by the addition of another oxide. The amount of melt 
temperature depression is given by Raoult's law. 

The most common phase system encountered in the study of refractories is the 
silica-alumina binary phase system, including the most common clay minerals. Re-
fractory bricks made from these clays are in this binary phase system. A direct com-
parison may be made between estimated and observed melt temperatures for different 
silica-alumina ratios (4). 

The most common rock minerals—the feldspar suite—contain a discontinuous solid-
state series of mineral compositions consisting of lime, soda, and potash feldspars. 
Minor amounts of some other oxides may be present in the feldspars but are not com-
mon. The feldspar ternary phase diagram is given by Levin et al (5, p.  313) and shows 
that the potassium and sodium feldspars, as well as the potassium and sodium oxides, 
have similar melt ranges except for the formation of leucite from potash feldspar when 
more than about 75 percent.of potash feldspar is present. 

The fusion ranges for the potash feldspar -kaolin- quartz (flint) ternary phase system 
were determined before 1907, as shown by Wilson (6, p. 252). Soda feldspar gives 
melt ranges similar to the potash feldspars, so that the phase diagram (Fig. 1) may 
be used to estimate the melt ranges of mixtures when albite or perthite are used in-
stead of the microcline. 
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Phase diagrams are given by Levin et al (5) and Muan and Osborn (7) for all of the 
more common soil mineral oxides that may be encountered. A portion of the Na20-

A1203-Si02  ternary phase diagram is shown in Figure 2. Phase diagrams give full-
melt temperatures for pure mineral systems in each case. Because there are always 
minor constituents and trace elements in soils, melt ranges for soils will nearly al-
ways be lower than those indicated by ternary phase diagrams. As an example, the 
fusion temperatures given in Figure 1 are generally about 100 C below those given by 
the comparable A1203-K20-SiO2 ternary phase diagram. Some metal oxides, such as 
Na2O, greatly depress the melt point of oxide mixtures, even when present in small 
quantities. 

Additional ternary phase diagrams most relevant to soil minerals are the seven 
diagrams that include A1203  and 5i02  as end points

'
together with either CaO, FeO, 

Fe304, K20, MgO, Na2O, or Ti02  as a third end point, as well as composite systems 
CaO-MgO-Si02  and MgO-FeO-Si02. The quaternary phase diagrams (7) of CaO-MgO-

Si02  for differing amounts of A1203  are also very helpful. 
The ternary phase diagram, Figure 1, includes many of the common pedalfer soils 

of the humid temperate and subtropical zones of the world, potash-soda feldspars be-
ing considered together. The upper melt range of the potash feldspar-kaolin-quartz 
mixtures may be computed in the following manner, considering a mixture of 25 per-
cent K-feldspar, 50 percent kaolin, and 25 percent quartz: 

25% K-feldspar 

Formula (ideal) K20 A1203  65i02  
Atomic weight 94. 102 360 = 556 
Atomic proportion [A.P.] 0.163 0.184 0.647 
A.P. X 25% 4.2% 4.6% 16.2% 

50% Kaolin 

Formula (ideal) Al203  2SiO2  
Atomic weight 102 120 = 222 
Atomic proportion 0.459 0.541 
A.P.X50% 22.9% 27.1% 

25% Quartz 

Formula Si02  
Atomic weight 	, 60 60 
Atomic proportion 1.000 
A.P.X• 25% 25.0% 

Oxide ratio 	E 4.2% 27.5% 68.3% = 100.0% 

The observed and estimated full-melt temperature (Figs. 1 and 2) may be compared 
for different proportions of feldspar, kaolin, and quartz comprising artificial soil mix-
tures. Generally, the estimated melt temperatures appear to be about 100 C higher 
than the observed' melt temperatures. The minerals used to produce the data for Fig-
ure 1 were not chemically pure, and therefore a lower melt range is to be expected. 

In fusion tests the high viscosity of the melted feldspar, the low rate of solution of 
the quartz, and the slow diffusion of the partially mixed and partially melted batch ma-
terials hinder the attainment of equilibrium and of homogeneity, so that the constituents 
not only differ from the equilibrium phases but the composition varies throughout the 
mixture. 

The following is an example of the determination of the melt range of a calcareous 
sandy soil from the Rio Grande basin. The mineral composition was estimated from 
X-ray diffraction and chemical analyses, and, using the oxide constituent proportions 
given in Tables 1 and 2, the total oxide content was computed and adjusted for loss of 
water and carbon dioxide. The computed dry-melt oxide content, in percent, included: 
SiO2, 73.4; A1203, 11. 7; CaO, 9. 8; Na20, 2. 3; K20, 2. 0; MgO, 0. 5; and Fe903, 0. 3. 
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TABLE 3 	 With the given A1203-Si02  ratio of 
FUSION RANGE OF RIIL AGGREGATE MATERIAL 	 11. 7-73. 4, the other oxides give ap- 

	

Approximate Melt Range 	proximately the following melt ranges 

	

SOIl 	 Material 	 (degC) 	 (deg C): CaO, 1470; K20, 1050; Na20, 
No. 

Estimated 	Observed 	950; MgO, 1595; and Fe3041  1550. 

	

(a) Natural soils 	
Using a linear interpolation based on 
the ratio of the other oxides present, 

	

1 	Black Hills bentonite 	 - 	1340 	the upper melt limit of the soil was 

	

2 	Calcareous soil, Tijeras, N. M. 	1950-2050 	- 

	

3 	Coastal clayey soil, Texas 	1600-1620 	- 	found to be about 1340 C, the perthitic 

	

4 	Estancia Playa soil, N. M. 	1350-1400 	1220-1260 	feldspar melting incongruently at about 

	

5 	Granitic detrital soil, N. M. 	1200-1320 	1310-1335 

	

6 	Hawaiian lateritic soil 	 1900-1950 	- 	1200 C. 

	

7 	Hayes, Kansas, soil 	 1250-1495 	1235-1285 	The surface soil at Trinity Site in 

	

8 	Magnesian soil, N. M. 	 1350-1435 	1260-1310 

	

9 	Podzol soil, Wise. 	 1350-1450 	- 	the Jornada del Muerto is similar in 

	

10 	Rio Salado dune sand, N. M. 	1300- 1400 	1330- 1340 
composition to the soil of the Rio 

	

(b) Aggregates 	 Grande basin and displays a compa- 
Basalt (and gabbro) 	 - 	1140° 	rable melt range. The soil at Trinity 
Clays (North America) 	 - 	1580- 1800 	Site was melted to a maximum depth 
Clays (aluminous) 	 - 	1800- 1880 
Clays (carboniferous) 	 - 	1605-1675 	of about one inch for about a 1500-ft 
Granite (and rhyolite) 	 - 	800-1100 
Kaolins (southern) 	 - 	1645- 1765 	radius from the nuclear detonation, 
Silica sand 	 - 	1700- 1750 	the temperature of the soil surface 

	

(c) Artificial soils 	 probably approaching one million de- 
grees centigrade for a fraction of a 

Calcareous soil 	 1300-1325 	1235-1300 
Clayey soil 	 1300-1390 	1310-1340 	second and sustaining a melt temper- 
Organic calcareous soil 	 1275-1300 	1220 	ature for several seconds. The X-ray 

diffraction analysis of the slag (trini- °Bo,olt vie>'  have o melt range from1100 in 1400 C. 

tite) indicates that while the surface 
was completely melted the lower por-

tion of the slag layer still contained much unmelted quartz, the feldspars having nearly 
all melted. 

Listsof observed melt temperature data have been compiled for soil minerals by 
Norton (8) and Clark (9), but little melt temperature data are available on soil mineral-
aggregate material. Some readily available data are listed in Table 3, including melt-
temperature data for both rock and soil mineral aggregates. The soil samples used 
for melt range determinations were prepared by Post (4), and the fusion tests were 
conducted by R. W. Foster at the New Mexico Bureau of Mines and Mineral Resources 
for Sandia Corporation. 

The artificial soils included the following minerals: calcareous soil containing 25 
percent calcite, 15 percent kaolinite, 30 percent perthite, and 30 percent quartz; clay-
ey soil containing 10 percent calcite, 30 percent kaolinite, 30 percent perthite, and 30 
percent quartz; and organic calcareous soil containing 22. 5 percent calcite, 13. 5 per-
cent kaolinite, 27.0 percent perthite, 27.0 percent quartz, and 10.0 percent carbon. 
The fusion range of granite and basalt were taken from data by Tuttle and Bowen (10), 
and the remainder of the aggregates, listed in Table 3, from Norton (8). 

WORLD SOIL TYPES 

Common Soil Constituents 

The predominant soils that comprise the surface of the earth have been classified 
in terms of soil assemblages (11) and weathering stage (12). These classifications 
are very general and not always consistent. Although moisture content, grain-size 
distribution, and density are important parameters in the investigation of the fusion 
and heat conductance of soils, the mineralogical composition of soils is by far the most 
important factor in determination of soil fusion temperatures and reaction products. 

A determination of soil samples that are characteristic of the majority of the land 
area of the world was made by correlating soil classification, weathering stage, and 
predominant mineralogy of the soil types and observing their common constituent char-
acteristics (4). The soil type is primarily dependent on source material, topography, 
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and climate, while the weathering stage is primarily dependent on topography and cli-
mate. The soil type and the weathering stage of the soil are, of course, time-dependent. 

The world distribution of soil and rock includes 12 kinds of soil assemblages, which 
were selected by Goldberg et al (11) as representative of the most common soils, where 
soil is considered to be the natural unconsolidated material overlying consolidated 
rock. 

The weathering stage of the soil types was derived from the soil weathering classi-
fication proposed by Jackson et al (12) and was used to aid in determining the predom-
inant mineralogy possible for each soil type. 

The first five of the twelve soil types and lithosol have common constituent char-
acteristics that comprise 46. 7 percent of the total land area of the world. The next 
three soil types comprise another 9. 0 percent of the land area and differ little in min-
eral content from the first five. It appears from these data that the mineralogical 
composition of a soil is largely dependent on source materials and, generally, only 
dependent on weathering where the climate is windy, hot, or humid, or some combina-
tion of the three conditions prevail. 

The list of ten representative soils in Table 3 are comprised of common soil min-
erals that include ten of the most common oxides of the crust of the earth in various 
combinations. The majority of soil minerals are silicates, many of which contain 
significant amounts of alumina. Of the remaining mineral oxides, sodium and potas-
sium tend to give low soil-melt ranges, as in granitic soils, and calcium and magne-
sium tend to give higher soil-melt ranges, as in limestones. Iron, aluminum, and 
titanium oxides tend to give intermediate-to-high melt ranges, as do the clay minerals. 

Soil Mineral Analysis 

The mineralogical analyses of the ten soil samples were accomplished by X-ray 
diffraction, using the spectrometric power technique, and by chemical test procedures. 
The soils were reduced in size to material passing a No. 140 sieve, and the mineral 
aggregates to material passing a No. 200 sieve. 

The carbonate, gypsum, halite, and goethite mineral contents were determined by 
chemical test procedures and the other mineral contents were determined by X-ray 
diffraction. The estimated composition of the ten soil samples is given in Table 4. 
The soil samples were chosen to be representative of typical soil oxide assemblages 
found throughout the world soil types rather than typical soils. 

The X-ray powder diffraction data that were used for the analyses of the soil sam- 
ples were obtained mainly from the ASTM powder diffraction file. Many other sources 

were used, including data published 
by the British Mineralogical Society 
(13), the American Mineralogist, 

TABLE 4 	
and 

COMPOSITION OF REPRESENTATIVE WORLD SOILS 	
the Mineralogical Magazine 
Geochimica et Cosmochimica Acta. 

Soil Constituents (percent) for Soil No. (see Table 3):  
Mineral 	

2 3 4 5 6 7 8 9 10 THERMAL SOIL STABILIZATION 

Quartz 5 8 45 8 45 50 60 	50 
Oligoclase 5 1 5 20 10 25 10 	20 
Microcline 10 10 15 	25 
Hornblende ———————- 5 	2 

Muscovite 
Biotite 5 ———————- 1 
Kaolinite 25 5 - 
Montmorillonite 80 8 25 5 7 - 	5 - - 	- 
illite - 2 - - 3 - 	5 - - 	- 
Chlorite - - - - 3 - 	- 30 5 	- 
Calcite 75 13 6 - 	- 5 - 	- 
Dolomite 3 25 
Gypsum 31 
Geothite 1 55 	- - - 	- 
Gibbsite ————- 30 	- - - 	- 
Others 5 2 5 13 6 15 	15 40 5 	2 

Nate: Sample 4 contains obot 8 percent halite, sample 6 about 10 percent Fe304, 
sample 7 about 5 percent mixed-layer clays, and sample 8 about 35 percent talc 

History 

A discussion of the thermal 
stabilization of soils may include 
the production of pottery, ceramics, 
and bricks; however, the term is 
also applicable to the increase in 
stability and bearing capacity of 
soils by application of heat. Ther-
mal stabilization of soils may also 
be effected by freezing (14). 

The degree and type of thermal 
stabilization depend on the amount 
of heat energy used. The free water 
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may be driven out of the soil by temperatures up to 350 C (reversible) or temperatures 
up to 550 C (irreversible); the dried soil may be fired to a temperature of 600 C (brick-
ing), or the dried soil may be heated above incipient fusion temperatures. 

Thermal stabilization of soils was first used successfully for road construction in 
Australia nearly 30 years ago (14), and since then the method has also been used for 
other purposes, such as the stabilization of slopes and foundations (15). Equipment 
is now available for producing the amount of heat energy necessary for foundation 
stabilization (14) and surface stabilization (15). 

Procedure 

For effective thermal stabilization of soils it is only necessary to brick the soil or 
to reach incipient fusion temperatures. Most soils melt incongruently over a tempera-
ture range so that it is only necessary to reach the initial melt range to effectively ce-
ment the soil mass. The bricking of the soil is caused by loss of structural water by 
the soil minerals with the formation of new minerals. 

Fluxing agents are commonly used to lower the melt range of mineral aggregates 
so that stable products can be more readily formed. Whereas limestone is commonly 
used as a fluxing agent for steelmaking, it is not suitable as a soil fluxing agent be-
cause of its moderately high melting range when included with soil oxides. Calcite, 
when added to a typical acidic granitic soil in amounts up to 45 percent, will actually 
increase the soil full-melt temperature slightly (4). Another common fluxing agent in 
metallurgical work is soda ash (sodium carbonat). Soda ash is readily available at 
low cost and causes low melt ranges when mixed with soils. 
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Figure 3. Effect of Na2CO3  additive on the melt temperature of a granitic soil. 
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Fusinn Tt 

A soil sample was obtained that is typical of the granitic detrital soils of the Sierra 
Uplift of California. The mineralogical composition of the soil was determined by 
X-ray diffraction and the dry-melt oxide constituents were computed using the data 
from Tables 1 and 2. 

The soil mineral constituents are given in Figure 3 with the feldspar series in two 
parts. The potassium feldspars include 22 percent orthoclase, 10 percent microcline, 
and 6 percent anorthoclase (tentatively), and the plagioclase feldspars include 15 per-
cent andesine, and 13 percent oligoclase. The percentage values represent the aver-
age of results from five soil mineral analyses. 

The predominant dry-melt oxides in the soil (in percent) were: CaO, 2.7; K20, 4. 1; 
Na2O, 3. 9; FeO + FeO,, 1. 9; MgO, 1. 6; A1203, 15. 7; and Si02, 70. 1. The effect of 
differing amounts of soda ash additive on the full-melt temperature of the soil was 
estimated using the ternary phase diagrams and the results were plotted (Fig. 3). The 
amount of additive is given in terms of percent of air-dry soil weight. 

Pyrometric test cones were prepared from mixtures of the granitic soil and the 
sodium carbonate additive in accordance with a standard method (ASTM Designation 
C 24-56). The amount of additive expressed as a percent of the air-dry soil weight 
varied for different specimens from 0 to 25 percent. The test cones were mounted on 
plaques of refractory clay, and heating was conducted in an electric furnace. Instead 
of using standard pyrometric (PCE) cones to indicate approximate temperature equiva-
lents corresponding to softening of the test cones, thermo-couples were installed in the 
furnace and connected to instrumentation for recording temperatures. This arrange-
ment provided for a wider range of measurable temperatures and, it is believed, to 
more accurate determinations of furnace temperatures. The fusion (end-point) tempera-
ture or softening of a test cone was indicated by visual observation of the top bending 
over and the tip touching the plaque in accordance with the ASTM method. The experi-
mental results are plotted in Figure 3 and indicated as observed fusion temperatures. 

As expected, the observed fusion temperatures for the soil-additive mixtures are 
lower than the estimated melt temperatures because of impurities in the soil. More 
importantly, both the predicted and the observed values indicate clearly that the melt 
temperature of the granitic soil can be lowered when soda ash is mixed with the soil. 

SUMMARY 

Most soils apparently exhibit a melt range that varies between 1250 and 1750 C, 
the fat clay soils tending to melt at about 1700 C and the feldspar-rich soils tending to 
melt at about 1300 C. Soils with a high alumina or lime content tend to have a very 
high melt range, corundum melting at about 2000 C and calcite at about 2500 C. Soils 
consisting of detrital granite tend to have a very low melt range of about 1100 C be-
cause of the large proportion of potash and soda feldspars normally present in granite. 
After a soil has completely melted, the melt consists of a homogeneous mixture of 
oxides derived from the original constituent minerals if the soil is heated in an open-
air environment. Theoretical and laboratory investigations indicate that the addition 
of soda ash lowers the melt temperature range of a typical soil from the Sierra Uplift 
to within a usable range for practical application. 

The effect of other common fluxing agents on the melt range of soils should be in-
vestigated for ordinary types of soils. Because of the slowness of heat transmission 
in soils, the use of additives that include oxidants with fluxing agents should be con-
sidered in future research in this area. 

Field tests for thermal stabilization of soils should be conducted using existing 
mobile down-draft heaters modified to treat prepared soil media. The effects of type 
and amount of fluxing agents on the bearing capacity of a stabilized soil should be in-
vestigated. 
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Pavement Temperatures and 
Their Engineering Significance in Australia 
B. G. RICHARDS, Commonwealth Scientific and Industrial Research Organization, 

Syndal, Victoria 

This paper describes the results of an Australia-wide investi-
gation of seasonal temperatures in and beneath highway pave-
ments. Outside the limited alpine areas, pavement tempera-
tures varied from about 5 C to over 60 C. Thus frost action 
can be neglected in Australia, but the advantages and dis-
advantages of high temperatures should be considered in pave-
ment design. 

Only poor correlations were found between pavement and 
air temperatures and the results suggest that net radiation is 
not only important but extremely variable over the lateral dimen-
sions of the roadway. Net  radiation also caused significantly 
higher temperatures under the bituminous seal than the natural 
surface. 

The temperature gradients were of insufficient magnitude 
and duration to cause a significant thermal transfer of moisture 
through the subgrade. This observation is also in agreement 
with conclusions based on the observed moisture conditions. It 
is suggested that any thermal transfer of moisture that does 
take place is more likely to lead to safer conditions than the 
reverse. 

The results suggest that pavement subgrade temperatures 
observed in Australia have a significant effect on pavement 
performance, but only insofar as they affect the load-spreading 
properties of bituminous layers or cement- or lime-treated 
bases. 

'THE INFLUENCE of temperature on pavement performance is now reasonably well 
documented, indicating that temperature is an important factor in pavement design. For 
example, if temperatures fall below freezing for sufficiently long periods, frost heave 
and the reduction of stability during the spring thaw can cause serious damage to road 
pavements. 

In Australia frost action need not be considered, except in the limited and sparsely 
populated alpine areas. Aitchison and Richards (1) and Richards (2, 3) have shown how, 
in frost-free areas, the influence of environment flncluding climate) on subgrade sta-
bility and pavement performance can be included in practical design techniques. These 
techniques have followed the development of new soil suction instrumentation (4). This 
work suggests that moisture movement under temperature gradients is insignificant in 
the wide range of soil types and climatic zones investigated and that it is safe to assume 
isothermal conditions in predicting moisture changes and equilibria beneath sealed 
pavements. 

The Australian investigation (1), undertaken by the Division of Soil Mechanics, Com-
monwealth Scientific and Industrial Research Organization (CSIRO), with the as-
sistance of the National Association of Australian State Road Authorities, was primarily 
concerned with the observation of soil suction values under sealed pavements throughout 
Australia. However, to permit temperature corrections to be made to the gypsum block 
suction readings, and to provide data on temperature gradients should thermal transfer 
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Figure 1. Maximum temperature isotherms deg F) and location of field sites. 

of moisture be evident, temperature measurements were also made. Consequently a 
large volume of temperature data under typical sealed pavements was amassed. No 
attempt was made initially to investigate pavement temperatures specifically, and the 
temperature instrumentation was not ideal, being chosen for convenience. In spite of 
this, the data do provide useful and interesting information. For instance, the tem-
perature gradients measured permitted the assumption that thermal moisture transfer 
beneath sealed pavements is negligible under Australian conditions to be analyzed more 
critically. 

In warm areas, such as in Australia, it is the high temperatures and the duration of 
these temperatures that are most important. The higher the temperature, the lower 
is the effective elastic modulus of bituminous layers, causing reduced time-dependent, 
load-spreading properties and lower stability of the pavement as a whole. High tem-
peratures also increase loss of volatiles and oxidation,resulting in increased brittle 
behavior of bituminous materials and reduced fatigue life. The development of. strength 
and elastic properties of cement- and lime-treated materials is also dependent on tem-
perature and this has important practical significance in warmer areas. 

SELECTION OF FIELD SITES 

The 18 field sites were chosen to be representative of the wide range of soil and 
climatic conditions existing throughout Australia (1). The Great Soil Groups (5)po--
vided a convenient and practical level of pedological classification of Australian Soils, 
in that the number of units was workable, while the morphological attributes of each 
Great Soil Group were sufficiently distinct to permit ready recognition with the as- 
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sistance of Soil Map of Australia (6). Furthermore, the chemical characteristics of 
representative profiles from eachreat Soil Group have been defined (7). Another 
important characteristic of this classification is that most of the dominant soils are 
not unrelated to the current climate. Thus, frequently the selection of a site to rep-
resent a given soil meant that a specific climatic zone was studied. The range of 
climate covering the Australian continent is summarized in Figures 1 and 2. 

The sites were therefore chosen on the basis of Great Soil Group and climate. No 
attempt was made to study all the major soils or climates, but a reasonable coverage 
of those conditions of interest to the moisture investigation was achieved. Attention 
was concentrated primarily on soils with a significant clay content occurring in en-
vironments such that some seasonal moisture deficiency of long duration might be ex-
pected. Consequently, sites were not selected in abnormally humid environments or 
on desert sand soils, which is unfortunately a limitation on the temperature data. 

CHARACTERISTICS OF REPRESENTATIVE SITES 

In order to ensure that each site was acceptable as representative of its region, 
several factors other than soil and climate were established as basic requirements. 
These defined the need for the installation site to reflect a modal or dominant soil in 
its characteristic environment with a pavement of standard form constructed in a 
manner least likely to introduce any local effects, particularly on moisture conditions (1). 

When more than one site was chosen on the same Soil Group, climatic conditions were 
considered. Where possible an attempt was made to obtain the extremes of climatic condi-
tions occurring in the, mapped areas of the Group, e.g., summer rainfall and winter rainfall 

Figure 2. Minimum temperature isotherms (deg F) and location of field sites. 
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Figure 3. A typical field site.  

or most arid and most humid. By the choice of such extremes it was planned not only 
to investigate the influence of rainfall on moisture-conditions, but also to try and isolate 
any thermal influences on moisture transfer. 

The details of each site have been described in detail elsewhere (!). The cross-
sectional layout of the instrumentation was the same at each site as far as was prac-
tical, and a typical installation is shown in Figure 3 A. brief summary of the climatic 
conditions at each site is given in Table 1, and the location of the sites is set out in 
Figures 1 and 2. Because the sites were identical in all respects, particularly in the 
seal type and width, with the exception of the soil type and climatic conditions, the dif-
ferences in temperature should be strongly dependent on the soil and climatic conditions. 

INSTRUMENTATION 

The instrumentation and techniques employed in these installations have been de-
scribed elsewhere .(!) and a brief description of the temperature instrumentation is all 
that is considered necessary here. 

The soil temperature was measured by means of thermistors incorporated in therm-
istor blocks (Fig. 4). These blocks were identical externally to the gypsum blocks for 
soil suction measurements and the "dummy" spacer blocks. The design of these blocks 
was chosen to overcome certain limitations in gypsum block design as well as for con-
venience in installation. These blocks could be mounted together axially in the form of 
a 2-in, diameter probe, the correct spacing of the gypsum and thermistor blocks being 
achieved by the insertion of "dummy" blocks. The spacing selected for temperature 
measurements was 6, 15, 24, 33, 57, 81, and 105 in. depth. 

The thermistors used were STC type K5221. Considerable variation was found be-
tween thermistors, but it was such that the calibration curves remained parallel, as 
shown in Figure 5. This meant that the thermistors could be grouped into batches with 
an accuracy of ± 0.25 C by checking the resistance in a water bath at a set temperature 
(25 C). Each probe used thermistors of the same nominal resistance (at 25 C), which 
was noted so that the appropriate calibration curve could be used later. However, it 
cannot be claimed that the accuracy of reading is ± 0,25 C because long-term drift and 
insulation breakdown was apparent in a few cases. In general, an accuracy of ± 1.0 C 
is probably more correct, providing care is taken in disregarding those installations 
that develop spurious readings. 



TABLE 1 

SOILS AND CLIMATIC FACTORS AT INSTALLATION SITES 

Climatic Factorsa Climatic Indices 
Area of Australia 

Dominated by Great Soil Group 
Soils of Chosen 

Annual Location of Installation 
Rainfall 

Evap. From 
Mean 	Water 	Drainage 	Deficit 

Thorn- 
After 	thwaite 

Great Soil Group , Temp. 	Surface 	D 	d After 
nfflhjb 	Prescotta 	Moisture 

(in.) (deg F) 	Ep 	(In.) 	(in.) K 	Indexb 
(in.) T 

Red brown earth 

Grey and brown 
soils of heavy 
texture 

Desert sand plain 
soil 

Arid red earth 

Stony desert table- 
land soil 

Meadow podzolic 
soil 

Black earth 

Kraznozem 

Brown soil of light 
texture 

Lateritic red earth 

a 
At nearest station. 

2-3% Adelaide, S. A. '25.3 61.3 31.8 2.0 8.5' CB'd'c 2.24 -18.2 
12 mi NW of Nyngan, N. S.N. 14.9 64.8 39.6 0 24.6 DBd 1.16 -37.7 

5-10% Horshani, Vic. 17.6 58.9 27.8 0 10.2 CB'dc 1.71 -22.1 
Bordertown, S.A.- 18.8 58.8 23.8 0.6 5.6 CB'dc 2.04 - 9.7 
Tullaxnarine, Vic. 	 ' 19.5 58.0 24.1 0 4.6 CB'dc 	' 2.10 	, + 5.3 
8 mi W of Cloncurry, Qld. 16.9 77.9 66.1 0 49.2 DA'd 0.90 -44.4 

5%' 62 mi N of Alice Springs, 9.9 69.1 54.3 0 44.3 EB' 0.60 -49.6 
N. T. 

5% 17 mi N of Alice Springs, 9.9 69.1 54.3 0 44.3 EB 0.60 -49.6 
N. T. 

3-5% Roadway at Woomera, S. A. 6.1 85.6 42.7 0 36.6 EB' 0.44 -51.6 
Aerodrome at Woomera, S. A. 6.1 65.6 42.7 0 36.6 EB' 0.44 -51.6 

<5% 2'/ mi N of Midlands 34.5 65.0 44.5 12.5 22.5 BB's 2.42 +34.5 
Junction, W. A. 

1-2% 4'!, mi NW of Jondaryan, Qld. 25.1 66.3 35.3 0 10.2 CB'dh 2.08 - 4.2 
<1% 2/2 mi W of Gordon, Vic. 27.4 53.9 20.5 6.9 0 CB'r 3.31 +10.0 
2-3% 1/2mi NW of Nyngan, N. S. W. 14.9 64.8 39.6 0 24.6 DB'd 1.16 -37.7 

1% 3'!, mi.* of Cloncurry, QId. 16.9 77.9 66.1 0 49.2 DA'd 0.90 -44.4 
b 
From mop 
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GYPSUM PLASTER 	 POLYSTYRENE TUBE 

Figure 4. Thermistor Hock. 

RESULTS 

The data were produced from periodic observations (usually monthly) at the field 
installations in the form of resistance measurements at 56 points on a transverse sec-
tion across the roadway, as shown in Figure 3. From each set of resistances from the 
thermistor readings, a temperature section across the roadway was produced such as 
in Figure 6. Because of the large volume of data, only a brief summary can be pre-
sented in this paper. 

At those installations that gave good sets of data over a 2- to 4-year period, two 
sets of data were produced, viz., the mean temperatures at each depth beneath (a) the 

natural surface and (b) the bituminous 
seal. 

For those beneath the natural surface, 
the arithmetic mean of the temperatures 
at each depth was taken from the 3 probes 
away from the bituminous seal and for the 
corresponding month of the year during 
the period of observation. Similarly, for 
the temperatures beneath the bituminous 
seal, the readings from the 3 probes be-
neath the interior of the seal were used. 
This permitted plotting of annual varia-
tions in monthly mean temperatures, as 
shown in Figures 7 and 8. Also included 
in Figure 8 are the maximum and minimum 
temperatures that were observed at each 
depth. 

Diurnal variations in temperature could 
not be investigated because of the nature 
of the research. Diurnal variations can 
be extremely high at the upper surface of 
bituminous layers in warmer areas (8, 9, 
10). However, bituminous layers provide 
good thermal insulation and cause rapid 
decreases in diurnal temperature varia-
tions over depths of only a few inches be-
low the exposed surface (10). This agrees 
with the theoretical results of the solution 

RESISTANCE (OHMS.IO') 	 to the equation of heat conduction that de- 
scribes the diurnal temperature variations 

Figure 5. CaUbration curves for STC type K5221 	in bituminous materials and soil (11). 
thermistors. 	 However, any influence of diurnal tempera- 
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Figure 6. Typical temperat'ireontours (°C) at the Horsham site. 
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ture was avoided as far as possible 
by making the observations at ap-
proximately the same time of day. 

DISCUSSION OF RESULTS 

An examination of all the tem-
perature observations indicates that 
pavement temperatures over most 
'of the Australian continent range 
from about 5 C to well over 60 C. 
The only possible exception to this 
would be in the limited alpine areas 
where temperatures below 0 C could 
be expected. This means that, in 
general, frost action need not be con-
sidered in pavement design (which 
is the practice of the Australian 
road authorities). However, the high 
temperatures observed are very 
widespread and can have considerable 
effect on pavement performance, as 
will be discussed below. These high 
temperatures are not always con-
sidered in pavement design under 
present Australian design practices. 

Figure 7. Typical seosonaltemperature variations at 	 The individual temperature read- 

various depths below centerline of road and natural 	ings often showed large variations 

surface (Jondaryan site). 	 laterally (of the order of ± 5 C near 
the surface) under the same surface 
and atthe same' depth and time. The 
nature of these variations suggested 

that they were due more to variations in heat gain or loss (e.g., net radiation) at the 
surface, rather than difference in the thermal diffusivity' of the material. This means, 
therefore, that actual soil temperatures at the installations can vary considerably from 
the mean values shown in Figures 7 and 8 and that the 'mean values themselves are 
probably not very precise. This is one reason why a 'large scatter was obtained in the 
figures that follow. However, the results do show definite trends, which, because of 
the foregoing arguments, are probably as useful as could be obtained for practical pur-
poses without carrying out a large-scale statistical investigation. 

Climatic Trends 

The climatic data available in the vicinity of each site included the 30-year averages 
for the average daily maximum, minimum, and mean temperatures for each month and 
the whole year. Because this information is available for more than 600 stations 
throughout Australia, it was considered that any trends between observed soil tempera-
tures and available climatic data could be useful for practical purposes. Consequently, 
three relationships were examined: 	 ' 

Absolute maximum observed temperature at 6 in. depth vs the maximum average 
daily temperature (Fig. 9); 

Mean maximum observed temperature at 6 in. depth vs the maximum average 
daily mean temperature (Fig. 10); and 

Mean observed temperature at 9 ft depth vs yearly average daily mean tempera-
ture (Fig. 11). 

These relationships are not considered to be necessarily the best, but they are suggested 
as possibilities by examination of the theoretical equation for heat conduction in soils. 
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Figure 8. Typical temperature profiles at various months below centerline of road and natural surface 
(Jondaryan site). 

Furthermore, the straight-line correlations shown in Figures 9, 10, and 11 are not very 
significant and are only shown to indicate trends. 

These statistical trends, however, clearly indicate that the soil temperatures are 
strongly dependent on climate, as could be expected. Furthermore, the summer tem-
peratures and the mean temperatures at all depths are significantly greater under the 
bituminous seal than under the natural surfaces. The winter temperatures (not shown 
because of very poor correlations) tend to be slightly higher under the bituminous seal 
in most cases, although not significantly. These results could again be expected due 
to the increased thermal absorption characteristics or the increased net radiation 
taking place at the black bituminous surface. 

Thermal Gradients Likely To Cause Moisture Transfer 

There is now considerable theoretical and experimental evidence that moisture flow 
can be set up in soil under temperature gradients (12, 13, 14)  , 16). This flow, which 
occurs mainly in the vapor phase in the direction of decreasing temperature, can cause 
appreciable moisture transfer under certain conditions. 

More information has become available on moisture flow under thermal gradients 
(17, 18). Cary (16), working with Columbia loam soil, obtained thermal moisture fluxes 
under thermal gradients, which suggest a coefficient of moisture transfer under thermal 
gradients of 1.4 x 10_6  cm2/sec deg C at relatively low suctions. Rollins, Spangler, 
and Kirkham (13) obtained data for a silt loam giving coefficients of the order of 3 x 

10-7 

cm2/sec deg C at unknown suctions, but relatively high air voids. Clays with low air 
voids, even at quite high suctions, should have coefficients no higher, and probably much 
less, than these, except perhaps in very dry areas. In dry areas, however, thermal 
moisture transfer is unlikely to have any significant effect on pavement thicknesses. 

From the temperature profiles such as Figure 7, the maximum temperature gradient 
is only of the order of 0.3 C/cm over short distances (of the order of 10-15 cm). This 
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Figure 9. Absolute maximum temperature at 
6 in. depth vs the maximum average daily 

maximum temperature. 
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Figure 10. Mean maximum observed temperature 
at 6 in. depth vs the maximum average daily 

mean temperature. 

gradient is unlikely to cause moisture flow in excess of 10r7 cm/sec. Not only does this 
flow take place over a very short distance, but the temperature gradient exists at any 
given depth for only a short time as the temperature wave moves vertically down the 
soil profile. Furthermore, the temperature gradients reverse seasonally, causing a 
reversal of thermal moisture transfer. However, as pointed out by Croney and Coleman 
(ii), temperature variations are not sinusoidal, so that seasonal flows do not balance, 
resulting in a net vertical moisture transfer. 

The largest average temperature gradient over the whole soil profile occurred at 
the Woomera road installation, where the gradient was 0.07 C/cm in January, decreas-
ing with depth. Again, this gradient occurs only for a short duration, and to some ex-
tent reverses in the winter months. At all other sites the average temperatures were 
considerably less than this value. Consequently, thermal moisture flow will probably 
never exceed 2 x 10_8 cm/sec even for short periods. 

Aitchison and Holmes (19) have analyzed the effect of vertical flow on suction pro-
files due to a net evaporative loss at the surface. These results for Waite loam, plus 
similar calculations by the author using permeability data for Syndal and Horsham clay 
(20), suggest that only small variations from isothermal conditions can occur due to 
permanent thermal moisture flow of this order and even smaller variations for the 
actual flow, which would occur over a short period. 

It is also interesting to note that, in every case, the generally high temperatures 
immediately under the pavement resulted in small gradients in mean temperature with 
temperatures decreasing both vertically down the profile and laterally away from the 
centerline at all depths. Thus, if net thermal moisture flow has any effect at all, it 
would be to increase the subgrade suction, which would result in increased stability 
and safer conditions than predicted. 



264 

BELOW OF ROAD 

-----BELOW NATURAL SURFACE 

Temperatures at the Surface of the 
Bituminous Layer 

While no temperatures were measured 
at the surface, temperatures in excess 
of 60 C obviously occur in central and 
northern Australia, as seen from Fig-
ure 9. Whiffin and Lister (21) have 
clearly demonstrated that the load-
spreading properties of bituminous roads 
deteriorate markedly with rise in tem-
perature. The increased stresses and 
strains at high temperatures must there-
fore lead to higher pavement deflections 
and reduced life, apart from the dete-
rioration of the bituminous materials 
themselves. 

Temueratures in the Base Course 

 

Temperatures were also very high 
in the pavement at a depth of 6 in. The 
mean maximum temperature probably 
exceeds 50 C, with localized tempera-
tures probably exceeding 60 C. Maclean 
and dare (22), Dumbleton (23), and 
Metcalf (24Thave all demonstrated the 
increased rate of gain of strength of 
both lime- and cement-stabilized soils 

Figure 11. Mean observed temperature at 9 ftdepth with increase in temperature. These 
vs yearly average daily mean temperature. 	results therefore indicate the fallacy 

of curing laboratory samples at, say, 
25 C in those cases where the in situ temperatures may exceed 50 C for long 
periods. 

CONCLUSIONS 

The results of the Australian-wide investigation described are not very conclusive, 
but they indicate that, in normal areas, soil and pavement temperatures vary from 
about 5 C to over 60 C. Freezing conditions do not occur, and frost action is not a 
problem. However, very high temperatures do occur that can have a very significant 
effect on pavement performance. 

There is a significant, but rather poor, correlation between soil and pavement tem-
peratures and recorded air temperatures. The results suggest that net radiation is 
not only important, but extremely variable even over the lateral dimensions of the road-
way. Net  radiation is also the reason for the significantly higher temperatures under 
the bituminous seal than the natural surface. 

The temperature gradients are of insufficient magnitude and duration to be likely to 
cause significant thermal transfer of moisture. This observation is in agreement with 
conclusions based on the observed moisture conditions. In fact, any thermal transfer 
of moisture that does take place is probably more likely to lead to safer conditions 
than the reverse. 

Thus, in general, the soil and pavement temperatures observed in Australia have a 
significant effect on pavement performance, but only insofar as they affect the load-
spreading properties of bituminous layers or cement- or lime-treated bases. 

MAXIMUM AVERAGE DAILY MEAN TEMPERATURE ('C) 
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Temperature Effects on the Unconfined Shear 
Strength of Saturated, Cohesive Soil 
MEHMET A. SHERIF and CHESTER M. BURROUS 
University of Washington 

Temperature-controlled, undrained and unconfined compression tests were 
conducted on reconstituted clay.. The reconstituted clay studied, one-half 
Champion and one-half Challenger (known by its trade name as C & C), had 
previously demonstrated a linear relationship between the logarithm of shear 
strength and moisture content at room temperature. The experiments were 
aimed toward studying the effect of temperature on this relationship. 

The samples were consolidated at room temperature and were failed in 
undrained, unconfined compression at temperatures of 75, 100, 125, and 
150 F. The results indicate that, for a soil of constant moisture content, 
an increase in temperature causes a reduction in shear strength, and for 
the same temperature difference, the absolute reduction in the original 
strength increases as the initial moisture content of the soil decreases. The 
relation between the logarithm of shear strength and moisture content ap-
pears to be linear for constant temperature over the range of temperatures 
tested. 

Two different equations describing the shear strength of the clay as a 
function of both moisture content and temperature are proposed. The first 
relates an increase in temperature to an equivalent increase in moisture 
content by an experimentally determined factor. The second relates the de-
crease in strength to the ratio of absolute reference and test temperatures 
and to the densities of the pore fluid corresponding to these temperatures. 

sIN 1936 Hogentogler and Willis (4) found that the stability or strength of a compacted 
cohesive soil decreases with incrésing temperature. Their explanation of this phe-
nomenon was based on Winterkorn and Bayer's (16) concept, which postulated an in-
crease in free water at the expense of adsorbed ãter with rising temperatures. In 
1958 Lambe (7) believed that an increase in temperature should result in an increase 
in shear strength. 

Leonard (8) believed that an increase in temperature should cause a reduction in 
shear strength and supported his point of view by citing the work of Hogentogler and 
Willis (4), Rosenqvist (12), and Trask and Close (15), which show that an increase in 
temperature tends to caiie reduction in shear strth. Ladd (5) conducted cone-
penetration tests on Buckshot clay at various temperatures (5, 22 and 50 C) and found 
that hot samples gave slightly higher strength at a given mositure content and cold 
samples gave a higher strength at a given consolidation pressure. Semchuk (14) per-
formed undrained triaxial tests on two soils (both consolidated and sheared at test 
temperatures of 35 and 77 F) and found practically no temperature influence on shear 
strength for both soils. Seed, Mitchell, and Chan (13) found that pore pressures in 
undrained triaxial samples vary with temperature aid that an increase in temperature 
causes an increase in pore pressure. This result was varified by Ladd (5) and others. 

From undrained triaxial tests conducted on compacted San Francisco Bay mud, 
Mitchell (10) found that higher temperatures produce lower shear strength and higher 
pore-pressure buildup during the shear. The data obtained by Duncan and Campanella 
(3) on soils consolidated at 68 F and sheared in undrained triaxial tests (at 68, 95. 8, 
and 119. 8 F) indicated that an increase in temperature causes a reduction in strength, 
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Figure L Temperature-control led triaxial ce 

an increase in initial pore pressure, and a decrease in pore-pressure buildup during 
the shear testing. 

In view of the importance of temperature effects on the engineering properties of 
soil and because of the apparent lack of complete agreement among previous re- 
searchers, it was decided to further enrich the existing body of knowledge on this 

subject by conducting additional 
studies at the University of 
Washington. 

TABLE I 

COMPRESSIVE STRENGTH OF C & C CLAY 

Test 
Designation 

Temperature 
(deg F) 

Failure 
Moisture 

Content (percent) 

Compressive 
Strength 

(psi) 

75-1 75 40.8 12.4 
75-2 75 40.3 15.1 
75-3 75 38.6 19.5 
75-4 75 37.7 26.4 
75-5 75 37.4 28.4 
75-6 75 34.7 50.2 
75-7 75 34.4 52.7 

100-1 100 39.2 15.3 
100-2 100 38.7 17.2 
100-3 100 37.5 23.2 
100-4 100 37.1 27.4 
100-5 100 35.5 35.0 
100-6 100 34.9 42.2 
125-1, 2 125 41.5 9.1 
125-3 125 38.6 13.9 
125-4, 5' 125 36.9 25.7 
125-6,7 125 34.65 41.4 
150-1,2' 150 40.35 9.85 
150-3 150 38.0 18.0 
150-4 150 37.1 19. 8 
150-5 150 35.0 31.9 
150-6 150 33.5 46.0 

'Average of two ters 

SOIL TYPE AND 
EXPERIMENTAL PROCEDURE 

The clay tested was a powdered 
dry commercial kaolinite clay pro-
duced by the Spinks Clay Company 
(Paris, Tenn.) and known by the 
trade name C & C. It was selected 
because previous test data (11) showed 
a linear relationship between the 
logarithm of strength and the mois-
ture content at room temperature. 
Fifty pounds of the dry clay (85 per-
cent finer than 0.005 mm) was mixed 
with distilled, de-aired water to a 
moisture content of 47 percent and 
stored in a plastic container in a 
hu.rnid room for approximately one 
year before use. The physical prop-
erties of the sample, determined 
just before starting the experiments, 
are as follows: liquid limit, 68 
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JJ peleeliL, U1SLIC J.J ILLIL, .).) percent; 
shrinkage limit, 22 percent; specific 
gravity, 2. 58. 

The clay was molded and trimmed 
into test cylinders 2. 8 in. in diameter 
and 6. 5 in. in height, then enclosed 
in a single layer of slit filter paper 
and two rubber membranes. The 
samples were placed in triaxial cells 
and consolidated for 7 days at room 
temperature (approximately 75 F) 
under hydrostatic stresses ranging 
from 20 to 98 psi. At the end of the 
consolidation period, the samples 
were taken out of the triaxial cells 
and their diameter, height, and 
moisture content were determined. 
The samples were then placed in 
heat-controlled triaxial cells over 
a plastic-covered pedestal to pre-
vent any "communicationt' between 
the sample and the drainage ciütlets; 

	

COMPRESSIVE STRENGTH (PSI) 	 thus no pore pressures were mea- 
sured. Each cell was subsequently 

Figure 2. Failure envelopes forC & C clay as a function filled with glycerine, which was 

	

of moisture content and temperature. 	 continuously circulated by propellers 
to insure a uniform temperature 
within the cell. Each cell was heated 

by a 500-watt electric-resistance heater element submerged in the cell fluid. A ther-
mostat kept the temperature range to ± 2 F. Several checks proved the effectiveness 
of the propellers. Figure 1 shows one of the temperature -controlled triaxial cell as-
semblies during the shearing operation. Each experiment was conducted at a constant 
cell temperature of 75, 100, 125, and 150 F. The cell was maintained at the test tem-
perature for at least 8 hours prior to shear to insure a uniform temperature through-
out the soil. At the end of this period, the change in the height of the sample was mea-
sured and the change in the volume of the sample was calculated. The calculation was 
based on the assumption that the temperature expansion of the pore water is the same 
as that of ordinary water and that the temperature expansion of the individual soil par - 
tides is negligible. With this information, the average cross-sectional area of the 
sample was estimated. 

Following the 8-hour heating period, the soil was loaded in unconfined compression 
in a stress-controlled loader at the rate of 5.07 lb per 2 minutes (approximately 0. 8 psi 
per 2 minutes) until failure. No drainage was permitted and no lateral stresses were 
applied during the 8-hour heating and during the actual shear. At the end of failure, 
the samples were taken out for moisture content determination. When the moisture 
content of the sample, just before heating, exceeded that of the sample at failure by 
more than 0. 1 percent the test data were not included in the calculation. Likewise, 
the test data were rejected when the moisture content of the soil in the immediate 
vicinity of the failure plane differed from that of other parts of the sample by 0.2 percent. 

The degree of saturation was calculated from 

- 
S percent 	

Ww 

Wis 

\ X 
100 	 (1) 

- _____ 
Yw  (V  - 

-- 	 L. . 1 	-. 1.. 
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where S is the degree of saturation; Ww and W are the weight of the water and solids, 
respectively; V is the total volume of the soil-water system; and Yw  and y5  are the 
density of water and solids. (Since the measurement of volume is subject to some error, 
a sample was not rejected as being unsaturated unless the calculated degree of satura-
tion was less than 98 percent.) 

For each test, the true compressive stress was plotted against the Henkey strain, 
eH (also referred to as the true strain), defined as 

Lf 

e1 =- f d-L 	ln (1 - ec) 	 (2) 

L 

where eC  is the Cauchy or engineering strain. (The compressive strength at failure 
was defined as the peak compressive stress.) 

EXPERIMENTAL RESULTS 

The results obtained from this experimental series are given in Table 1. In Figure 
2, a plot of the moisture content of the soil and the logarithm of compressive strength 
at each test temperature is shown. The lines in Figure 2 are obtained by a least squares 
fit (at each test temperature) of the unconfined compressive strength as a function of 
percent moisture content. It is apparent from this figure that an increase in tempera-
ture causes a decrease in the compressive strength of the soil. This result is only 
logical because the adsorbed water around the individual clay particles assumes a less 
rigid state as the temperature rises (16), thereby increasing pore pressures and reduc-
ing the effective stresses and, therefore, the shear strength of the soil. The increase 

in entropy of the soil-water system and the 
increase in Brownian movements (within the 

z 

I : 02 

perature at w = 41 percent decreases the 
compressive failure stress by only about 4 
psi, while at w = 34 percent the soil loses 
about 17 psi in strength. 

The samples that failed at 75 F were con-
sidered to be "reference" samples since this 
was also the consolidation temperature. As 
previously mentioned, at the reference tem-
perature there is a linear relationship be-
tween the logarithm of the compressive strength 

TEMPERATURE (°F 	

'° 	and the moisture content. This can be ex- 
pressed as 

Figure 3. Statistical deviations in strength, 
or the differences between experimentally 
predicted (Eq. 4) values of the compressive 

strength. 	 Cro  = exp (A - Bw) 	 (3) 

liquid occupying the pore interstices) with 
rising temperatures also contribute to the 
reduction of strength by preventing the system 
from assuming the state of least potential 
energy, where it can reach a stable condition 
that is most favorable to improved bond-
formation among the particles. 

Figure 2 further indicates that the soil 
samples of lower moisture content undergo 
greater reduction in strength (for the same 
rise in temperature) than those of higher mois- 

MOISTURE CONTENT (/) 	 ture content, since an increase of 75 F in tem- 
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where ao  is the compressive strength at the reference temperature, w is the moisture 
content in percent, and A and B are material constants that must be determined 
experimentally. 

Two different equations describing the compressive strength of C & C clay as a 
function of both moisture content and temperature have been derived from the data. 
The first relates an increase in temperature to an equivalent increase in moisture 
content: 

aT = exp (A - Bw - CAT) = ao exp (-CAT) 	 (4) 

where aT  is the compressive strength at reference temperature, w is the moisture 
content, AT is the difference between the test and reference (or consolidation) tempera-
ture, and A and B are the same material constants as in Eq. 3. The soil parameter 
C is characteristic of temperature -induced changes in the clay and must be determined 
by testing at a temperature other than the reference temperature. 

Equation 4 indicates that the strength of the soil decreases with both increasing mois-
ture content and temperature, and that the increase in temperature is analogous to an 
increase in moisture content. Consequently, CAT/B might be regarded as being equal 
to w', an equivalent moisture content. 

A least squares fit of Eq. 4 to the data is shown in Figure 4 by solid lines. The 
statistical deviations in strength with respect to moisture content and temperature 
changes are shown in Figure 3. It is.  seen from Figure 3 that the deviations are rela-
tively random and evenly scattered about line 0-0, thus indicating that the parameter 
C appears to be independent of both moisture content and temperature (2). 

The second proposed equation, shown below, relates the change in compressive 
strength to the ratio of the reference and test temperatures and to the ratio of the den-
sities of the pore fluid at these respective temperatures. This equation eliminates the 
need for experimental determination of the constant C: 

CrT = 	.exp [A - B 
(Ywo\

) 	w I 
1 

— 	 (5) 
Vw J 

I- z w 
z 
0 0 
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Figure 4. Least squares fit of Eq. 4 and Eq. 5 to the data 

where Vwo  and  Vw  are the water 
densities at reference and test tem-
peratures, To  and T, respectively. 

The least squares fit of Eq. 5 
is shown in Figure 3 by dashed 
lines and can be compared with 
the least squares fit of Eq. 4, 
shown by solid lines. Over the 
temperature and moisture content 
range considered, Eqs. 4 and 5 
predict nearly the same values. 
These equations become the same 
as Eq. 3 .when the test tempera-
ture is the same as the refer-
ence (consolidation) temperature. 

Further research is being con-
ducted at the University of Wash-
ington to determine if the, foregoing 
relationships are applicable to 
other soils, and if so, how well 
the parameters discussed can be 
related to some easily determin-
able soil properties such as LL, 
PL, or P1. 
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CONCLUSIONS 

The following conclusions can be made about C & C clay consolidated at 75 F and 
sheared at 75, 100, 125, and 150 F in unconfined and undrained compression: 

An increase in temperature causes a decrease in compressive strength, as in-
dicated in Figure 2. Moreover, an increase in temperature is analogous to an increase 
in moisture content, as revealed by Eq. 4. 

A linear relationship exists between the logarithm of compressive strength and 
the moisture content at all test temperature levels. The failure lines at constant tem-
peratures appear to be almost parallel to the consolidation curve, as shown in Figure 2. 

Soil samples of lower moisture contents undergo greater absolute reduction in 
strength with rising temperatures than those of higher moisture content levels. This 
is in agreement with Campanella and Mitchell's recent finding in which they state that, 
at small values of effective stress, temperature -induced pore pressures decrease (1). 
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Influence of Seepage Stream on the JoiniAg of 
Frozen Soil Zones in Artificial Soil Freezing 
TSUTOMU TAKASHI, Seilcen-Reiki Co., Osaka, Japan 

In artificial soil freezing, the presence of a seepage stream disturbs 
the development and joining of frozen soil zones around the freezing 
pipes due to heat gain from the seepage stream. In order to obtain 
the mutual quantitative relationships among velocity of seepage stream, 
representative length of freezing zone, permeability coefficient of 
soil, temperature of seepage stream and coolant, and distance be-
tween freezing pipes and radius of the pipe, a theoretical study has 
been performed. The study consists of two parts. In the first part, 
the author has investigated by hydraulics theory and Darcy's law how 
to estimate the amount of dam-up in front of the frozen zones as 
freezing of the soil progresses. In the second part, the critical dam-
up head, below which it is possible to achieve the joining of frozen 
zones under the presence of seepage stream as intensified by dam-up 
head, is solved mathematically. 

AT PRESENT, in the application of artificial freezing of soils, the ice-soil curtain 
can be achieved by cooling the freezing pipes laid under the ground. In the absence of 
seepage, it is obvious that the frozen-soil cylinders around the freezing pipes grow 
until they join, and the planned frozen-soil curtain is achieved. In the presence of 
seepage, however, the heat carried by it may often cause difficulties in joining of the 
ice-soil cylinders (1). These phenomena are frequently experienced with the spread 
of the freezing region (2). For instance, Khakimov (3) noted that when the method of 
artificial freezing of soils was carried out on the Irtysh riverside in the Soviet Union 
in 1952, the seepage flow caused difficulties in the joining of the frozen-soil cylinders 
and the freezing time was delayed about four months. 

This paper tries to establish a criterion for determining whether the joining of fro-
zen-soil cylinders can be achieved in spite of the above-mentioned influence from seep-
age flow. This phenomenon is the consequence of complicated hydrodynamics and heat 
transfer, and so the result depends on several assumptions. However, the result itself 
has a definite form and is considered to represent the process of the phenomenon suf-
ficiently as the first approximation, and to be useful in practice. 

In this paper the author describes, when an obstacle is formed by soil freezing in a 
uniform seepage, how large a dam-up arises before and behind it, and then derives a 
criterion for determining whether the frozen-soil curtain can be achieved in the pres-
ence of the seepage flow caused by the hydraulic gradient accompanied by the dam-up. 

CHARACTERISTICS OF THE PHENOMENON 

First we consider the following case. As shown in Figure 1, a finite number of 
freezing pipes have been arranged in a row in order to form a frozen curtain, and the 
seepage flow, having a uniform velocity u, (natural velocity), is perpendicular to the 
line in which the pipes are arranged. After freezing, frozen-soil areas grow around 
the freezing pipes, an obstacle against the seepage flow appears, and the velocity u 
varies. 

In our experience in cases like this, after sufficient freezing time, almost frozen 
soil cylinders join to the ice-curtain, but the areas of large dam-up or high permeabil-
ity coefficientoften do not join. Here, dam-up is the greatest at the central part (the 
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U- 

(a) 	 (b) 	 (c) 

Figure 1. 

point A, B), sowe will calculate the quantity of dam-up at the point A, B and investigate 
the influence of the seepage flow caused by darn-up between A and B on. the joining of 
the frozen-soil cylinders. 

QUANTITY OF DAM-UP ACCOMPANYIIG THE FREE Zll'TG PROCESS 

When groundwater moves among soil particles, the flow is laminar in the case of 
small hydraulic gradients, and it is well known that the following formula represents 
the velocity caused by the gradient according to Darcy's law:' 

Ux = - X
dp  
dx 

where 

Ux = the flow velocity in the direction of x, in rn/h; 
X = the permeability coefficient, in rn/h; and 

IdPE  = the hydraulic gradient in the direction of x, in rn/rn. 

In the case where soils are uniform and homogeneous, it is known from this equation 
that the velocity distribution around the frozen soil is equal to that of the incompressi-
ble perfect fluid by regarding Xp as a velocity potential 4, i.e., 

Thus, if the velocity potential cI' of the incompressible perfect fluid is known, .the pres-
sure p in the groundwater can be calculated as ,. 

(3) 

In the case of two dimensions, the velocity potential around the several forms of 
obstacles in the incompressible perfect fluid is often solved by means of conformal 
representation. For example,, where the flow is perpendicular to a flat plate, as shown 
in Figure 2, 'the velocity potentials at the point A, B are respectively (4) 

11n this paper the author treats only' the case in which seepage flow follows Darcys law. Where the 
seepage flow is turbulent, no application of the method of artificial freezing of soils can be done. 
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'PA= 
	-. U.  

1 	 (4) 

	

= 	 - 

Therefore, the head of dam-up between A ani B is 

=-('A-'B) = 	 . 	. 	 (5) 

where 

= the width of frozen curtain perpendicular to the direction of seepage flow, and 
U. = the velocity of seepage flow before freezing. 

As an example, when we assume that, in a uniform soil layer with permeability co-
efficient X = 10 1

cm/sec = 3. 6 rn/hr, seepage rate U= 8 rn/day = 0.33 rn/hr flow, and 
the frozen-soil curtain with a width 100 meters perpendicular to the flow as shown in 
Figure 2, the quantity of dam-up head at the center of that curtain is 

100 
PA - B = 	x 0.33 = 9. 26rn 

In order to examine the details, we study the sectionC -D in Figure 2(a). The head 
of groundwater of section C-D is as shown in Figure 2(b).. The line CD is the ground-
water level before formation of the obstacle. After that the level on the upstream side 
turns to CA and on the downstream side to BD and the water level between B and A be-
comes (PA - PB Then, if the ice-soil curtain is not attained at the area around A, the 
stream pours through that part, and in such a condition the ice-soil cylinders may re-
main open permanently. 

Now, knowing the permeability coefficient A and the natural velocity U. or the hy-
draulic gradient dp/dx of the region where the method of artificial freezing of soils is 
to be applied, we can assume the maximum head of dam-up at the time the frozen-soil 
cylinders join to the ice-soil curtain is the above-mentioned relation. We thus try to 
establish a criterion for completing the ice-soil curtain in spite of the concentration of 
flow in the part of the curtain being frozen. 

D 

(0) 	 (b) 

Figure 2. 
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MODEL OF THE STREAM BETWEEN THE 
FREEZrNG PIPES CAUSED BY DAM-UP 

As already mentioned, we experienced that the frozen-soil cylinders did not join at 
that area where the dam-up is large or the permeability coefficient is relatively large 
from the ground disturbance at the time of boring to set the freezing pipes. To sim-
plify the problem, this section treats the simplest model of ice-soil cylinders left open 
and the assumptions for getting it. Figure 3(a) represents the incomplete part of the 
frozen-soil curtain. At this time, the other part is already finished, and the thickness 
of the curtain is almost equal to L (the distance between the freezing pipes). The flow 
pours in the part A, B and the difference of dam-up head, PA - B' mentioned in the 
previous paragraphs, arises between the point A and B. 

The flow between A and B is considered to be like Figure 3(a); however, it is very 
complicated for mathematical analysis. Therefore, the following assumptions are 
proposed: 

The section of the ice-soil cylinder is assumed to be circular, as shown in Fig-
ure 3(b). Research by Yoshinobu (5) and field measurements by Khakimov (3) show 
that this assumption diverges only slightly from the real condition. Strictly the section 
is oval toward downstream, but it can be considered to be a circle. 

The seepage flow between the freezing pipes flows fast around the frozen-soil 
cylinders and slow in the center, as indicated in Figure 3(a), but is assumed to have a 
uniform velocity profile as in Figure 3(b). 

The head of dam-up is the value adopted when the ice-soil curtain is completed 
as shown previously, and is also assumed to occur at point A and B at a distance be-
tween the freezing pipes, in front of and behind the frozen-soil curtain, as shown in 
Figure 3(b). 

In developing the theory on the basis of these assumptions, we must take care of 
some additional points. In the limiting case of the freezing radius R approaching 1/2  L 
in the model, as in Figure 3(b), the induced velocity just before the achievement of the 
ice-soil curtain is infinite. This is considered to actually happen, but the quantity of the 
flow between freezing pipes is finite, and so the ice-soil cylinders grow together, form-
ing the ice-soil curtain. 

(b) 

(o) 

Figure 3. 
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THE QUANTITY OF INDUCED FLOW BETWEEN ICE-SOIL CYLINDERS 

According to assumption 2, the quantity of water flowing between E and F in Fiugre 
3(b) is, for -R < x < R, 

	

V = EFF x Ux = - (L - 2R sin e) A 
dp 	

(6) dx 

and for - L/2 <x < - R and R < x < L/2, 

	

V = LXU,n. -LX dp 	 (7) dx 

where 

L = the distance between the freezing pipes, 
R = the freezing radius, and 
A = the permeability coefficient. 

Taking account that, for -R < x <R, x = R cos 0 and dx = -R sin 0 d8, the transfor- 
mation of Eqs. 6 and 7 is, for -R < x < R, 

d 	- 	. 	R sin 0 	•de p 
- 
- A L-2R sin & 

and for -L/2 < x < -Rand R <x <L/2, 

Vdx dp =--- 

Consequently, the resistance against flowing between A and B can be obtained by inte- 
gration of that function about x from - L/2 to L/2, and its value must be equal to the 
dam-up head, 

x=— 	x=-R 	0=0 	 L  
2 

- (PA - PB) 
= fl, 

dp 

= fL dp 

+ 
f 

dp 
+ 
	 dp 

x= - - 	x=-- 0 = 7T 	x=R 

x=-R 	 L  
- 

J 
f 	V 	R sin 0 do- f 

	

2
A L 	 A L-2RsinO 

	
A L 

x-2- 	 0=0 	 x=R 

and thus 

L 

R sin 0 

	

(PA - PB) 
= f L - 2R sin 9 dO + 	

f 
dx 

0=0 	 x=R 

1 L 1-b~ 	 tan' 	b =  
(2 	 2 
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where 

b= 211 	 (8) 

Thus the quantity of the flow can be obtained in the expression, 

V 	- 	 1  

X(PA - pB) 	 1 	IT ( 	 _____ 
1-b 

+ 	
: fl- 	b 	I 	IT 	

f(b) 

The right-hand side of Eq. 9 is a function of b only, and variation of b-from 0 to 1 
shows the condition of varying flow between the freezing pipes from the beginning of the 
freezing to the completion of the ice-soil curtain. 

The value of 1/f(b) is shown by curve 1 in Figure 4. According to Eq. 9, the quan-
tity of the flow is 

- ______ 

f(b) 

and Um, the fastest velocity in the center of the distance between freezing columns, 
is 

v 	x(pA -PB) - 
L - 211 - f(b) L(1-b) - Uman 

Thus 

Umax  - 1 
 

X(PA-pB) - f(b) x (1-b) 

Equation 10 represents a ratio in which the flow velocity increases in proportion to the 
freezing radius R during the process of freezing development. Taking b into the ab-
scissa and 1/f(b) (1-b) into the ordinate, curve 2 of Figure 4 is plotted, and it shows 
that, at b -.1, i.e., just before completion of the ice-soil curtain, the velocity tends to 
infinity. But as shown in Figure 4, curve 1, the quantityV of the flow is finite. lKha-
kimov, (3) tried to analyze this problem, but his analysis does not satisfy a boundary 
condition of the flow around the freezing pipes, and so his result is far from the real 
state, especially when b -.1, and the velocity is finite.] 

Finally, the pressure distribution between A and B according to Figure 3(b) can be 
obtained as 

PA-P 	f
=

dp 	 (11) 

Figure 5 shows how the hydraulic gradient between the freezing pipes changes with 
increasing freezing radius R. Notice the rapid increase of hydraulic gradient as R ap-
proaches L/2. 

THE HEAT EQUILIBRIUM EQUATION 

In the previous section we calculated the quantity of flow between frozen-soil cylin-
ders in a stationary state on the basis of three assumptions. In this section we will 
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L 

Figure 5. 

\J 	calculate the temperature of the ground- 
N10 	water flowing downstream as the result 

05 	b 	1.0 	 of heat exchange. 
Figure 4. 	 if e is the temperature of water from 

upstream and 01  isthatof the waterpassed 
between the freezing columns to the down-

stream in Figure 3(b), the seepage is cooled from 8 to e, by passing between the freez-
ing columns. Therefore the quantity of seepage flow in unit length perpendicular to the 
face of the paper in Figure 3(b) is 

- _____ 
1(b) 

and the heat quantity that cooled the flow is 

q1  = Vyc (o - e) 

= Xyc (PA - PB) (=-) 
(12) 

f(b) 

where 

y = the specific gravity of the groundwater in kg/rn3, and 
c = the specific heat of the groundwater in kcal/kg deg C. 

Then, as shown in Figure 3(b), around the freezing pipes the frozen-soil cylinders 
grow to radius R, and the temperature of the face of the freezing pipes is kept at 9c  and 
of the freezing boundary at Of, and so the heat quantity transferred to the freezing pipes 
is 

q2  = 21Tk1  (8f- c) _ 
	= 2irk1 	f - e 	

L 	 (13) 

a 

where 

k1  = the thermal conductivity of the frozen-soil in kcal/m.h. deg C; 
Of = the freezing temperature of the groundwater, usually = 0 C; and 
a = the outside radius of the freezing pipe in m. 

Because there is no heat exchange except the two terms mentioned,. the Eqs. 12 and 
13 are equal together, and the following formula is thus obtained: 
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Here, putting 

211k1  (8 - 
x 

Aye 
f(b) 

L 	L - 
(14) 

F(, b) = 	f(b) 

- - 

______ 
1 - b + 	

1 	
-tan1 	b IT 

then 

= 8 	
- 211k1  (of - 8) x F

( , b) 
Xyc 

THE CRITICAL DAM-UP HEAD 

The physical meaning of Eq. 16 is that the temperature of seepage passed through 
the unfrozen part is 81, when the frozen-soil curtain except for some unfrozen parts is 
achieved and a stationary state with freezing radius R around the freezing pipe is kept 
in the unfrozen part after a long lapse of freezing time in the situation in Figure 1. And 
it does not show when such a stationary state appears in the development of R. The 
radius R can be obtained only from the limit of the unsteady-state solution. 

However, because we do not aim at computing R or 01  in a stationary state, but at 
deciding whether the ice-soil curtain is formed or not, we must investigate the charac-
ter of Eq. 16. On the right-hand side of Eq. 16 the second term 

211k1  (ef - 8c) 
Xyc 

is a positive constant number given by the dam-up head pA - B and the cooling temper- 

ture 8c  Accordingly, 8 can be obtained from inspection of the character during the 
variation of b from 0 to 1 in Eq. 15. Both the numerator and the denominator of Eq. 15 
are always positive, as shown in Figure 4, and thus 

F(, b) > 0, for 	< b <1 	 (17) 

When b tends to 2a/L, the denominator tends to zero and the numerator to one: 

F(, b) 	
2a 

- 	.+cc,forb ..+ T 	 (18) 

Moreover, when b tends to 1, the numerator tends to infinity: 

F(, b) -. + cc for b -. 1 	 (19) 

and thus, for 2a/L < b < 1, F (2a/L, b) must have a minimum value at least. Practi-
cally, we see by the numerical calculation that it is a function with a minimum value as 
in Figure 6. 
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Figure 6. 

This means that, for 2a/L <b < 1, 8 has the only maximum value. 
By supposing that bent  represents b and that 8 is maximum, the following equation 

can be obtained: 

8imax 
2irk1  (8 - Oc) 	/2a 

= 
Xyc 	

bcrit) 	 (20) 

Because the groundwater flows, 01 max is larger than the freezing temperature of, 
i.e., 01 max > Of. And when the dam-up head pA -PB  properly becomes small, 8 max 
approaches and finally equals Of. Hence, we call such a dam-up head a critical dam-
up head, (PA PB)crit The value (p PBcrit is obtained by transformation of Eq. 20 
by substituting Of for 8: 

A 	
Bcrit = 2Trk, Of - ec  x F(, bcr jt) 	 (21) 

Xyc 8 -8: 

This is the relationship we ask for, i.e., when the dam-up head (p - PB) expected 
to arise ahead of and behind the frozen-soil curtain is smaller than the crifical dam-up 
head (pA PB)crjt given by Eq. 21, the following condition must be satisfied in order to 
complete the ice-soil curtain, namely, the temperature of the seepage across the un-
frozen window cannot be higher than the freezing point Of . In other words, Eq. 21 is 
the sufficient condition for achievement of the ice-soil curtain. 
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EXAMINATION OF THE SOLUTION 

The expression for the critical dam-up head consists of the product of three factors, 
as seen in Eq. 21. The first, (2lTk)/(Xyc), is a factor determined from the property of 
the soils and the groundwater; the second, (8f - )/° - 8f), is determined from the 
temperature of the ground before freezing and the surface of the freezing pipes; the 
third F(2a/L, bcrjt)  is determined from the radius of the freezing pipe and the distance 
between the pipes. 

In this section we will examine the influence of these factors on the formation of the 
ice-soil curtain. 

Influence of Properties of Soils 

We will try the order estimation of Eq. 21. The order of (8f - Oc)/(8, - ef) and 
F(2a/L, bcrit)  are 1, as indicated later. In the first factor, k is the thermal conductivity 
of the frozen soil == 2 kcal/rn. h. deg C; v is the specific gravity of the groundwater == 
1000 kg/rn3; and c is the specific heat of the seepage 	1.0 kcal/kg deg C. 

In urban civil engineering, dam-up head caused by the, formation of a frozen curtain 
is not over 10 meters. If the dam-up head is over 10 meters, groundwater will over-
flow on the earth's surface. Accordingly, a frozen-soil curtain is achieved when the 
following condition of the permeability coefficient A is satisfied: 

21ik 	8f - 8c 	'2a 
A 	

Yc  ABcrit 	- .. 
	bcrit) 

10 
x 1 x 1 = 10-3  rn/h == 10 cm/sec 	(22) 1000 x 1 x 10 

In other words, neglecting seepage has no noticeable influence when applying the method 
of artificial freezing of soil in uniform silt and clay in urban civil engineering. 

However, when applying the method in a tunnel or deep pit in an impervious stratum 
where the dam-up head can be very large, the influence of seepage must be taken into ac-
count even in the case of permeability coefficients less than 10 4  cm/sec. 

By the foregoing analysis we know that, when soil property improvement is neces-
sary for lowering the permeability coefficient, it is efficient to use freezing pipes. The 
soil properties between the freezing pipes are, however, liable to be disturbed by boring 
and other factors. 

Influence of Temperature of Ground and Coolant 

The freezing point of groundwater Of in the second factor on the right-hand side of 
Eq. 21 is 0 C, if salts are not present. Thus, substituting Of  = 0, the following is 
obtained: 

- 
- 8.1.  i 	8 

Consequently, we see that the critical dam-up head is inversely proportional to the 
initial temperature of the ground 8,. The nearer 8,, is to 0 C, the larger is the critical 
dam-up head, and at 0 C the ice-soil curtain is achieved however large the seepage. 
Jumikis (7) points out the difficulty of formation of a frozen-soil curtain in the case 
where the velocity of the seepage flow is faster than 2 rn/day as the weak point of the 
artificial freezing of soils, but he does not indicate the condition of the dam-up and the 
temperature of the ground in that case. His suggestion is thereby limited in special 
cases. We also see that the critical dam-up head is in proportion to the temperature 
of the surface of the freezing pipes 8c'  and thus the freezing method by liquified nitro-
gen refrigerant (8c == - 180 C) is nine times more effective than the usual brine (c = 
-20 C). 
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Figure 7. 

Influence of Radius of Freezing Pipes and Distance Between Them 

The third factor in the right-hand side of Eq. 21, F(2a/L, bcrjt),  is the minimum of 
Eq. 15. This factor has a parameter 2a/L, and enlarges with an increase of its value. 

Figure 7, in which the abscissa is 2a/L and the. ordinate F(2a/L, bcrjt),  shows that 
the relationship between them has a direct proportionality, and so at the same radius 
of pipes and half the interval, the critical dam-up head doubles, and at the same inter- 
val and half the radius, it becomes half. 	 . 

EXAMPLES OF. THE CALCULATION 

In the case of comparatively simple forms 
of ice-soil curtain, we can calculate a dam-up 
head by the method of Eq. 5 when the value of 
seepage velocity U. and permeability coeffi-
cient X before freezing are known. In this sec- 

_____ 	" 	tion we make practical computations for two 
0- 

specific cases. 1 

The Case of a Circular Shaft 

In the case where the freezing pipes are set 
around a circle with the radius r as shown in 
Figure 8, if we write the velocity of the seepage 
flow before freezing U the difference of the Figure 8. 



284 

velocity potential at points A and B is, as shown earlier, 

- 'B = 4rU 	 (24) 

Note that if the seepage velocity U is measured directly by a dyestuff or method of 
electric conductivity, it must be corrected as follows: 

U = U 

where Av is the effective section-area of the pore and A is the apparent flowing-section 
area. Although the porosity n is commonly used for At.'/A, it should be measured ac-
curately. Using Eq. 3, we obtain 

4r 
PA - PB = 	( 	- 'B) = -i-- U 	 (25) 

When the frozen curtain is almost completed, the dam-up head at point A, C is con-
sidered to be half that described: 

AC =rU 

Now, when (p -P  is equal to the critical dam-up head given by Eq. 21, the critical 
velocity U crit appears; i.e., 

2r U crit = (PA - 
c crit = 	

6
f - 6c F (, bcrit) 

	

x 	 Xyc e-ef 

U 1.jj =  lTk 
Of - 8c F(,bcrit) 	 (26) ryc8-8f 

When we insert the numerical values that are generally used in the formula, i.e., 
k = 2.414 kcal/m.h. deg C; y = 1,000 kg/m3; c = 1 kcal/kg deg C; Of = 0 C; 8c = - 20C; 

.18 C; 2a/L = 0.1270; and from Figure 7, F(2a/L, bcrit) = 0.983, we obtain 

1x2.414 	20 	 - 0.2 

	

Ucrit 	r 1000x 1 X 	x 0.983 x 24 - 	rn/day r 

In the case of comparatively rough soils that induce a seepage flow, 

0.1 	0.2 

and so for the directly measured velocity we obtain 

Ucrit = 1 - 2- rn/day 

We observe that the ice-soil cylinders can join in the freezing area with a radius of 
2 rn or so in the application of the method of artificial freezing of soils, even if the 
seepage velocity by direct measurement is 0. 5 1.0 m/day, but the velocity of even 
0.2 rn/day causes difficulties when the radius r is enlarged to 10 m. 

The Case of a Plane Ice-Soil Curtain 

As another simple example, we will consider the case where the seepage flows per-
pendicular to the frozen-soil curtain as shown in Figure 2(a). In this case, because 
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the dam-up head is represented by Eq. 5, by the same viewpoint as previously, the 
critical velocity U. crit is obtained in the form 

vk ef - 
crit = 2 	Oc  

- 	F (, bent) 	 (27) 

These two instances are the simplest ones in the case of forming an ice-soil curtain 
in uniform soils, and every critical flow velocity U. crit is in inverse ratio to the rep-
resentative length of the frozen-soil curtain r, and L. In other words, the larger the 
area of freezing soils is, the more difficult formation of an ice-soil curtain becomes. 

CONCLUSION 

Although this analysis depends on many assumptions, it nevertheless clarifies the 
mutual relationship between critical velocity, representative length of freezing zone, 
permeability coefficient of soils, temperature of stream and coolant, distance between 
freezing pipes, and radius of freezing pipe. This makes it possible by preliminary in-
vestigation to decide more precisely whether an ice-soil curtain can be achieved at a 
site of previous soil strata where the permeability coefficient is more than 10 3 cm/sec, 
knowing the permeability coefficient in the region and the hydraulic gradient or the 
velocity. 

In the case where freezing temperature and the distance between the freezing pipes 
is normal and the critical velocity (or the critical dam-up head) is smaller than the 
seepage velocity (or the dam-up head), by changing the freezing temperature and the 
distance to the economical limit, we can make the critical velocity larger. But if the 
purpose is still not accomplished, we must try four methods as follows for counter-
measures: 

Make the permeability coefficient smaller by improving the soil properties be-
tween the freezing pipes, and enlarging the critical dam-up head (8); 

Make the dam-up head smaller by installing a well for observation of water level 
and for pumping on both the upstream and downstream side (3); 

Lower the freezing temperature ec  temporarily by using liquified nitrogen re-
frigerant on the part of the frozen-soil curtain that remains open; 

Accelerate the formation of the ice-soil curtain by adding a row of freezing 
columns. 

The fourth of these countermeasures is more efficient than shortening the distance 
between the pipes or enlarging their radius. This is because the critical dam-up head 
is in inverse ratio to the distance and proportional to the radius of pipes, and by. add-
ing the row of freezing pipes, the path resistance of the seepage increases and the 
quantity decreases and, moreover, e, of the second row becomes small. 
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Effect of Preliminary Heat Treatment on the 
Shear Strength of Kaolinite Clay 
HERBERT WOHLBIER and DIETER HENNThTG 
Department of Mining Engineering, Technical University Clausthal 

BECAUSE OF their mechanical properties some rocks are classified in the region 
between soils and rocks. Natural rocks of this kind, such as clay shale, conglomerate, 
or lignite, and artificially treated rocks such as stabilized soils, are of great interest 
in experimental and applied rock mechanics in mining engineering. This paper deals 
with some results of fundamental investigations concerning the mechanism of stabiliza-
tion of cohesive soils. It is a part of a research program at the Department of Mining 
Engineering, Technical University Clausthal (Germany). 

Thermal stabilization is here defined as an irreversible and effective increase of 
the shear strength of soil or rocks. Earlier papers report on the fundamentals of sta-
bilization by heat treatment and the possibilities of application (2, 3). Heat treatment 
is the only procedure known till now to stabilize cohesive soils successfully in situ in 
the way the stabilization has been defined. Cohesive soils are aggregations of min-
erals or rocks with a higher percentage of fine-grained particles (< 2i.) consisting 
largely of clay minerals. Cohesive soils are plastic within certain limits of water con-
tent. They are determined by a characteristic tensile strength. Their hydraulic per-
meability is relatively low (k < iO cm/sec). 

When the experimental program was determined the aim was to work under repro-
ducible testing conditions. This principle was of particular influence when the cohesive 
soil, the method of preliminary treatment, and the testing procedure were selected. 
Besides the stabilization, another aim of the investigation was to produce and charac-
terize the change from a cohesive soil to a quasi-rock. 

DETERMINATION OF SHEAR STRENGTH OF ROCKS 

The shear strength of soils and rocks depends on physical and physicochemical 
properties of the rock (i.e., mineral content, structure, porosity, filling of voids, and 
related boundary effects), the initial conditions, and the dynamic and geometric limiting 
conditions. The influence of different factors, especially with regard to the shear 
strength of soils, has been described by others (5, 9). 

The shear strength of samples in laboratory tests in most cases is determined by 
compression tests with multiaxial external loading and uniaxial tension tests. Best-
known are triaxial tests on cylindrical specimens with axially symmetrical external 
loading, which were applied in this investigation program, too. 

In soil mechanics it is common in the region of relatively low loading to plot Mohr's 
envelope of soils as a straight line. This simplification is no longer possible when the 
triaxial tests reach a wider part of the failure curve. Normally Mohr's envelope of 
soils or rocks is slightly curved. Therefore a different method was used to analyze 
the triaxial tests and to describe the envelope; it is discussed in the following. 

When ali and a3  (respectively Y1j' and ci' as effective stresses) are defined as 
maximum or minimum principal stresses under failure conditions it is possible to con- 
struct the corresponding stress-circles in' a - 'r coordinates with 1/2 (au + a30 = aoi 
as coordinates of the centers and 1/2 (91 - a30 = ri as radii. By approximation the 
function (Fig. 1) 

r= r(ao) 	 (1) 
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Figure 1. Construction of Mohr's envelope. 

is formed. The equation of Mohr's envelope, 

T=f(U) 	 (2) 

delivers 

G (, T, Uo) = ( - o) + T 2  - r2  (co) = 0 	 (3) 

and 

= (a 	o)+r= 0 	 (4) 

when ao has been eliminated. 
From Eq. 4 follows 

 

The general equation of Mohr's envelope is now 

0.5 

r = ± r2[g (a)] - 	- 9 (0,)321  

Because of the relationship r = r (ao), Eq. 6 is to be found in equations of different de-
grees of difficulty. Several solutions have been analyzed (4). 

If Eq. 1 is written in the mathematical form of a straight line, 

	

r = a+ba0 	 (7) 

the equation of the envelope (Coulombts equation) changes to 

288 

r t 

1 
r= ±(a+ba)() 	 (8) 
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While analyzing the triaxial tests, 
which will be discussed later, the 
data a0j and rj were equalized by 
an approximate polynomial. Within 
each measuring range (Fig. 1) the 
envelope consists of finite segments, 
which are plotted by steps of Ah 
with r = r (cTo). The envelopes 
have been calculated by a computer. 

To describe the curved envelope 
an exponential equation of the form 

T = ± k(+lT)m 	
(9) 

nt 

3 0:  

IntInk m InCO 

10  

tan a= m 

k 
is useful. If m = 1 the equation is 
identified by a straight line. In 
log-log coordinates the parameters 
k and m can be determined easily; 

I 	 In 	 az marks theoretically calculated 
Figure 2. Determination of the parameters k, m, and. 	data of the triaxial tensile strength 

of rock. From Figure 2 it follows 
that al can be calculated approxi- 
mately only from the run of the 

failure line in the region of compressive loading (4, 10). Plotting Mohr's envelope in 
log-log coordinates, the line runs slightly curved as az was randomly equalized to zero. 
The real envelope referring to Eq. 9, however, has to be a straight line'having the dis-
tance all from the corresponding curved line. Therefore it is possible to define the 
parameters k, m, and az with a good approximation. These results were also calculated 
by using a computer. As in soil mechanics, the parameter cohesion c, angle of internal 

TABLE 1 

PROPERTIES OF UNTREATED KAOLIN Ta FROM ZETTLITZ 

Procedure Constituent Percent 

Chemical analysis SiO2  47.37 
A1203 37.50 
Fe,O1  0.85 
TiO, 0.20 
CaO 0.65 
MgO 0.15 
K,O, Na,O 0.65 
Loss on ignition 12.63 

Analysis by Berdel method Clay 95.5 
Quartz 1.0 
Feldspar 1.5 

Analysis by Kallauner method Clay 93.0 
Quartz 4.0 
Feldspar 3.0 

Unit weight of solid constituents 2. 629 g/cm' 

IndexofpH 8-8.5 

Grain-size distribution < lj 57 
16 

< 3u 12 
11 

<log 2 
<154 0.5 
>15w 1 

Liquid limit 0.529 
Plastic limit 0.346 
Plasticity index 0.183 
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Figure 4. Triaial cell: 1—piston;2—air release 
valve; 3—water; 4—Perspex cylinder; 5—drainage 
or pore pressure connection; 6—lower part of 
consolidation cell; 7—rubber 0-ring; 8—rubber 
membrane; 9—sample; 10—porous disc; 11—con-
nection to pressure supply; 12—tightening screw. 
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Figure 3. Consolidation cell. 

friction 0, m, and k, and to some extent a, too, can be expressed only as mathematical 
parameters of an equation, by which the run of the envelope and hence the shear strength 
of a rock can be described with sufficient accuracy. 

TESTING PROCEDURE 

For the investigation a standard material (Kaolin Ta from Zettlitz, CSSR)was selected 
that is characterized by optimal properties of drying and heating. The thermal reac-
tions are well known (7). Table 1 shows some of the most important mineralogical 
data and index properties of the kaolin. For 14 days the kaolinite clay was kept with 
an initial water content of 48 to 50 percent. After that, samples that were to a great 
extent homogeneous and de-aired were prepared by a vacuum-extrusion press (diame-
ter 40 mm, length 120 mm). The samples were dried for about 28 days, and then were 
heated for 48 hours in an electric furnace with temperatures up to 600 C. The increase 
of temperature by which the samples were heatedwas 60 C/hour. The treated samples 
were kept for 14 days in a desiccator and after that the dry and water-saturated spec-
imens were tested with regard to their shear strength. 

Wetting the specimens and the preconsolidation were performed in special consolida-
tion cells (Fig. 3). töwe and Johnson (6) described a similar method that was used 
after wetting the samples in order to get as .high a saturation as possible. When water 
had passed the specithen at the upper porous stone, reduced pressure was brought to 
both ends of the sample. At the same time that the triaxial pressure outside of the 
partly de-aired specimen was taken, a pore water pressure was obtained. This action 
was repeated several times every 3 hours. Using the back-pressure method it was 
possible to get a saturation, of more than 96 percent. The specimens in the cells were 
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consolidated at a pressure of 1, 3, 7, 12 or 25 kp/sq cm, i.e., at the same confining 
pressure applied on the triaxial tests. Because of the special construction of the con-
solidation cells it was possible to install the lower part of the consolidation cell to-
gether with the preconsolidated specimen in the triaxial cell (Fig. 4) so that the triaxial 
tests could be carried out after 1 or 2 days. 

To achieve constant cell pressures up to 25 atm, special units were used that were 
developed by the second author (Fig. 5). The pressure pistons are moved by a back-
geared motor to decrease the friction between piston and cylinder. This causes a fast 
automatic adaptation of the pressure system to volume changes in the cell. 

With regard to water-saturated samples, the consolidated undrained (Cu) triaxial 
tests were performed with measurement of pore water pressure. To measure the pore 
water pressure two specially designed and constructed devices were used that work 
automatically with null indicator controlled by a photoelectric tube (Fig. 6). The pump 
is driven by an electric motor combined with a solenoid brake. The system, because 
of its photoelectric control, is characterized by high operating reliability and small 
deviation. 

The triaxial tests were performed using Geonor cells up to 7 atm and Farnell cells 
up to 25 atm, three each, as well as two testing machines with a screw jack operated 
by an electric motor and gearbox for tests with a controlled rate of strain. All data 
were registered photographically. 

The same testing equipment was used when triaxial tests were performed on pre-
treated dry specimens, but the porous stones were exchanged for metal plates. In 
addition to the triaxial tests, uniaxial compression and tension tests were made (Fig. 7). 

Preliminary investigations concerning the influence of all different factors on water-
saturated samples showed that a feed motion of 0.005 mm/min of the testing machine 

. I I I I •tI 

Figure 5. Apparatus for controlling cell pressure. 	Figure 6. Apparatus for measuring pore pressure. 
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was necessary, while for compression 
and tension tests of dry samples a maxi-
mum rate of strain of 0.01 mm/min was 
best. 

The testing program was as follows: 
At least ten single tests at different con-
fining pressures were carried out to de-
fine Mohr's envelope at every step of 
pretreatment (i.e., temperature of heating, 
dry, and water-saturated). Besides those 
tests necessary in determination of shear 
strength, several additional investigations 
were run that are discussed in the follow-
ing section. 

TEST RESULTS 

The thermal reactions of the kaolinite, 
and especially those of the kaolin from 
Zettlitz, are known from numerous publica-
tions in ceramics research (7). Figure 8 
gives an idea of the drying process of the 
samples that had an initial water content 
of 48 to 50 percent. The differential heat-
ing curve of kaolin (Fig. 9) shows a weak 
endothermal reaction in the regionbetween 

Figure 7. Apparatus for tensile tests. 
100 and 300 C that results from the dis-
sipation of the residual adsorption water. 
Because of the relatively high velocity of 
heating of the samples, the high endo- 

thermal effect starts around 500 to 600 C, and shows the dissipation of water of crys-
tallization. While heating the samples slowly in the electric furnace it is expected that 
destruction of the crystalline structure and beginning the development of metakaolin lie 
around 440 to 450 C. The modification to metakaolin at the temperatures given is con-
firmed by the results of X-ray diffraction analysis. The kaolin shows no change in the 
crystalline structure up to 400 C (Fig. 10). The material that has been pretreated at 

0 '  

flu 

90 /-.ioo 
/ 	e 

80 

70 

60 

so, As 
5 	100 

20 
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Time days 	 Time (doys) 

Figure 8. Drying process of the kaolin samples: e—void ratio; 	—total change of void ratio; S— 

degree of saturation; wi—initial  water content; w—change of water content. 
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Zettlitzer Ia Kaolin 

200 	400 	600 	605 	1051 

Temperature (C) 

Figure 9. Differential thermal analysis of 
Kaolin Ia from Zettlitz. 

2e 

500 C, however, has a clearly vis- 	Figure 10. Structural analysis by X-ray diffraction of 

ible 	destroyed 	crystalline struc- 	 Kaolin Ia from Zettlitz. 

ture. In the diagram only the quartz 
is obvious. 

Further investigations had to answer the question of how far any other characteristic 
data of the kaolin besides shear strength change in dependency on thermal pretreat- 
ment. 	Table 2 gives the results of those investigations. Except for the void ratio of 

the dry specimen, which shows 
the shrinkage of kaolin, these 
results, too, demonstrate that 

TABLE 2 the specific gravity, flow limit, 
RESULTS OF HEAT TREATMENT plastic limit, and plasticity 

definitely change alter a treat- 
Preliminary 	Unit Weight 

of Solid 	Void RatiO 	Liquid 	Plastic 	Plasticity ment of more than 500 C. 	It 
Heat Const 	e of Dr, 	

Limit 	Limit 	Index Treatment 	 Samiles is of great importance to the 
(g/cm3) 

ensuing strength tests that the 
Untreated 	2.629 	 - 	0.529 	0.346 	0.183 kaolin treated at more than 
48 hr 105 C 	2.629 	0.800 	0.530 	0.340 	0.190 400 C no longer has a plasticity 48 hr 200 C 	2.622 	0.814 	0.525 	0.336 	0.189 
48 hr 300 C 	2.622 	0.819 	0.520 	0.351 	0.169 and does not swell when water 
48 hr 400 C 	2.620 	0.815 	0.522 	0.378 	0.144 is delivered. 
48 hr 500C 	2.456 	0.860 	- 	- 	- 
48 hr 600C 	2.485 	0.848 	- 	- 	- Table 3 gives the results of 

uniaxial tensile tests run with 
dry pretreated samples. 	Fig- 
ure 11 shows the failure line 
as a result of triaxial compres- 

TABLE 3 
sion tests. 	In order to plot the 

UNIAXIAL TENSILE STRENGTH OF DRY SAMPLES 
graph in a distinct manner only 

Uniaxial Tensile Strength Preliminary Heat Treatment the equalized curves are given. 
(kp/cm') Because of the curved run of 

48 hr 105C 	 4.71 the envelope it is described by 
48 hr 200 C 	 5.06 
48 hr 300 C 	 5.24 an exponential equation (Eq. 9). 
48 hr 400 C 	 5.43 The theoretically calculated 
48 hr 500C 	 3.05 part of the failure linefortensile 
48hr600C 	 4.68 

strength and small compres- 
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Figure 11. Mohr'senvelopes of preliminary heat-treated drysamples (testing temperature 20 C). Equa-

tions of Mohrs envelopes: 

(1) r = ± ?,.50 (a + 53)0.66. pretreatment, 48 hr 20 C 
(2)r= ±2.95 (cj+ 5.8)0.61;  pretreatment, 48 hr 300 C 
3) r = ± 1.73 (a + 54 0.78 ;  pretreatment, 48 hr 400 C 

T = ± 4.38 (a + 4.0) 064;  pretreatment, 48 hr 500 C 

T = ± 4.29 (a + 4.65) 0.68;  pretreatment, 48 hr 600 C 

sive strength correspond fairly well with the results of the experimentally found uniaxial 
tensile strength. 

While the failure lines of the samples pretreated at temperatures of 200, 300, and 
400 C show a similar run, it is to be recognized that the specimens treated at 500 and 
600 C 'show a higher increase of shear strength in the region of compressive strength. 
Compared with the results of the tensile tests, it may be concluded that the change 
from kaolin to metakaolin at more than400 C refers at the beginning to a higher de-
crease of uniaxial tensile strength. However, the specimens pretreated at 600 C develop 
a higher tensile strength corresponding to their increasing shear strength. The in-
flueñce of thermal treatment at temperatures above 400 C on dry samples of kaolinite 
clay may be described in the way that the specimens achieve more and more the char-
acter of brittle rocks. 

Because the kaolin keeps its plasticity up to 400 C, it is expected that the influence 
of water on the shear strength of pretreated samples up to that temperature is notable. 
Because the shear strength of rocks depends to a great extent on the void ratio and de-
formation conditions, these parameters were examined carefully in connection with the 
triaxial tests of the water-saturated specimen. The results of the CU tests in the form 
of the equalized and theoretically extrapolated failure lines are shown in Figure 12. 
The shear strength curves for samples at 105, 200, and 300 C are largely identical, so 
that Figure 12 only shows the failure lines for the untreated material and that which 
has been treated at temperatures ranging from 300 to 600 C. 
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Figure 12. Mohr.s envelopes of preliminary heat-treated water-saturated samples (testing temperature 
20 C). Equations of Mohrs envelopes: 

(Ur = ± 0.41 (a' + 0.10) 0.84 
 untreated 

r = ± 0.49 (a' + 0.27)0.82 ; pretreatment, 48 hr 300 C 
T = ± 0.61 (a' + 0.61) 083  pretreatment, 48 hr 400 C 
T = 2.38 (a' + 1.22) 0.72  pretreatment, 48 hr 500 C 
T = ± 4.26 (a' + 2.80)0.58; pretreatment, 48 hr 600 C 

It is recognized that the higher, durable stabilization increasing influence of the 
thermal treatment does not occur except above 400 C. The increase of shear strength 
up to 300 C is only due to the capillary tensile stress and when the sample is water-
saturated due to the lasting initial stress,. while in a specimen pretreated at 400 C first 
changes in the crystalline structure may occur. By referring to pressure-void ratio 
diagrams (Fig. 13) and stress-deformation properties of the samples (Figs. 14a-e), the 
influence of pretreatment may be shown more distinctly than relating to the failure 
lines. The pressure-void ratio lines show that the mobility of the solid skeleton de-
creases when the temperature of the pretreatment increases. The void ratio at the end 
of consolidation, which is of essential influence on the shear strength when CU tests 
are performed, is a function of the rigidity of the grain skeleton and also defines the 
stress -deformation behavior of the samples in triaxial tests. 

In Figures 14a-e the specific axial strain E1  of the samples is plotted against the 
deviator stress. Looking at the untreated samples, the maximum of the deviator stress 
runs with increasing confining pressure a3  to a smaller axial strain E1. This result 
refers to the widely varying void ratio at different consolidation stresses '3k  after 
consolidation has ended. On the other hand the samples pretreated at 400 C (Fig. 14c) 
show very clearly the typical stress-strain behavior of a quasi-rock. When a3  in-
creases the maximum of the deviator stress moves to a higher axial deformation. 

The increased rigidity of the solid skeleton is also noted quantitatively in a cor-
responding decrease of the specific axial strain up to the state of failure. That is 
especially distinct when Figures 14c-e are compared. In spite of the basic similarity, 
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Figure 13. Pressure-void ratio lines of water-saturated samples. 

the samples treated at 500 and 600 C show in comparison to those at 400 C an increased 
shear strength that is connected with a very much decreased axial deformation. 

The mechanical properties of the stabilized specimen are to be recognized from the 
results of triaxial tests in addition from the dependency on the, deformation in direction 
of the major principle stress. Investigations of that kind, although with a different 
testing technique, have been carried out by Schmertmann and Osterberg (8) and Broms 
(1). In both publications the failure line of rocks is described by a straight line, and 
it follows that the mobilization of the shear strength is defined with the aid of the mo-
bilized shear strength parameters c and 0. It is indicated that the cohesion c of a 
rock is already mobilized at a much lower axial strain than the angle of internaifriction. 

Cohesion and internal friction, however, are first of all mathematical parameters of 
an equation describing a straight line, and secondly an index of soil mechanics data. 
Regarding curved failure lines as a result of triaxial tests at porous soils or rocks 
within a wider stress distribution, it is not very advantageous to use the parameters c 
and 0 to characterize the failure line. It would be of much more sense to indicate the 
mobilization of shear strength at a certain normal stress a or a' in dependency on 
in percent of the corresponding maximum shear strength of a rock to each normal 
stress. In Figure 15 Mohr's envelopes of the mobilized shear strength are plotted in 
a-r coordinates. It is easy to construct from the diagrams the percentage mobilized 
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Figure 14. Stress-strain curves of preliminary 
heat-treated and water-saturated samples 
(testing temperature 20 C). 
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Figure 15. Mobilization of shear strength with axial strain C, on preliminary heat-treated 
water-saturated samples. 
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shear strength. The run of the curves shows from the stress-strain behavior the 
difference in the strength behavior of a rock that has been changed by stabilization 
artificially. 

CONCLUSIONS 

The results of experiments concerning the shear strength of preliminary heat-
treated samples of kaolin from Zettlitz described in this paper permit the following 
conclusions: 

The preliminary heat treatment of kaolinite clay, especially of kaolin from 
Zettlitz, provides effective stabilization, i.e., a permanent increase of the shear strength. 

The successful stabilization can be characterized by Mohr's envelope of the 
material. This presentation can be improved by the mobilization of the shear strength 
in relation to axial strain in the direction of the major principal stress. 

The slightly curved envelope can be described with sufficient accuracy by an ex-
ponential equation. The triaxial tensile strength that is to be calculated theoretically 
represents a characteristic factor. If the envelope is described in that way it is not 
necessary to use the normal parameters, cohesion and angle of internal friction, and 
to give them a different physical meaning. Because of the great number of factors in-
fluencing the shear strength and thus the stabilization, it cannot be expected that the 
influence of these factors can be noticed in the amount or in the mobilization of the 
parameters of shear strength. The reason is that these factors are only mathematical 
parameters of a certain approximated equation for the envelope. 

Concerning the shear strength of preliminary heat-treated samples of a cohesive 
soil, the water as a void filling is of special importance. In the case of a material in 
which the increasing strength is only due to its capillary tension and not to changing 
structure, the effect of stabilization when reducing this capillarity by adding water is 
irreversible with a small amount. The increasing strength and with it the alteration 
of the mechanical properties mentioned is of less influence on the run of the envelope 
than on the stress-strain properties. For a better understanding of the mechanism of 
stabilization, other methods to determine stress-strain relation than those described 
here should be used. The influence of other polar and also apolar liquids on the same 
solid should especially be investigated. 

Earlier investigations in this field have shown that several simplifying presump-
tions and suitable methods with regard to the preparation, pretreatment, and testing 
of the samples are necessary to keep the number of variable factors within a certain 
limit. In the case of an in situ treatment of the soil or rock, many additional influences 
are to be expected that will change considerably the picture concerning the effect of 
stabilization by heat treatment of kaolinite clays. To answer certain questions further 
investigations are necessary. 

The results discussed here should have shown that it is possible to investigate 
and to characterize artificially modified rocks in the region between soils and rocks 
in a similar way. Therefore it seems justified to perform similar investigations on 
natural soils and rocks that are of great interest in civil and mining engineering. 
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T HE NATIONAL ACADEMY OF SCIENCES is a private, honorary organization 
of more than 700 scientists and engineers elected on the basis of outstand-
ing contributions to knowledge. Established by a Congressional Act of 

Incorporation signed by Abraham Lincoln on March 3, 1863, and supported by 
private and public funds, the Academy works to further science and its use 
for the general welfare by bringing together the most qualified individuals to 
deal with scientific and technological problems of broad significance. 

Under the terms of its Congressional charter, the Academy is also called upon 
to act as an official—yet independent—adviser to the Federal Government in any 
matter of science and technology. This provision accounts for the close ties that 
have always existed between the Academy and the Government, although the 
Academy is not a governmental agency and its activities are not limited to those 
on behalf of the Government. 

The NATIONAL ACADEMY OF ENGINEERING was established on December 5, 
1964. On that date the Council of the National Academy of Sciences, under the 
authority of its Act of Incorporation, adopted Articles of Organization bringing 
the National Academy of Engineering into being, independent and autonomous 
in its organization and the election of its members, and closely coordinated with 
the National Academy of Sciences in its advisory activities. The two Academies 
join in the furtherance of science and engineering and share the responsibility 
of advising the Federal Government, upon request, on any subject of science 
or technology. 

The NATIONAL RESEARCH COUNCIL was organized as an agency of the National 
Academy of Sciences in 1916, at the request of President Wilson, to enable the 
broad community of U.S. scientists and engineers to associate their efforts with 
the limited membership of the Academy in service to science and the nation. Its 
members, who receive their appointments from the President of the National 
Academy of Sciences, are drawn from academic, industrial and government 
organizations throughout the country. The National Research Council serves 
both Academies in the discharge of their responsibilities. 

Supported by private and public contributions, grants, and contracts, and 
voluntary contributions of time and effort by several thousand of the nation's 
leading scientists and engineers, the Academies and their Research Council thus 
work to serve the national interest, to foster the sound development of science 
and engineering, and to promote their effective application for the benefit of 
society. 

The DIVISION OF ENGINEERING is one of the eight major Divisions into which 
the National Research Council is organized for the conduct of its work. Its 
membership includes representatives of the nation's leading technical societies as 
well as a number of members-at-large. Its Chairman is appointed by the Council 
of the Academy of Sciences upon nomination by the Council of the Academy of 
Engineering. 

The HIGHWAY RESEARCH BOARD, an agency of the Division o. Engineering, 
was established November 11, 1920, as a cooperative organization of the highway 
technologists of America operating under the auspices of the National Research 
Council and with the support of the several highway departments, the Bureau of 
Public Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the Board are to encourage research 
and to provide a national clearinghouse and correlation service for research 
activities and information on highway administration and technology. 




