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Foreword 
This RECORD contains information of particular use to those involved with the 
design and construction of subgrades and bases in areas of frost action, espe
cially construction engineers and soil design engineers. 

In the first article, Kaplar presents a mechanistic explanation of frost ac
tion. Heat extraction rate, freezing penetration rate, and soil moisture suc
tion are of considerable importance in determining the rate of heaving. Soil 
structure and gradation affect frost susceptibility in such a way that the heaving 
rate may be altered by either the removal of fines or the addition of coarse ag
gregates. These factors will play a part in the consideration of marginal 
sources of materials and thus in the conservation of our natural resources. The 
better gradations will then be available as pavement aggregate'. 

CBR tests that are run after several freeze-thaw cycles are proposed by 
Jessberger and Carbee to be valuable in estimating the frost susceptibility of a 
material. The added benefit of obtaining a better estimate of base or subgrade 
strength for use in the design of pavement structures will naturally accrue . The 
correlations and data presented indicate that this test will aid the engineer in his 
selection of pavement types and structures. In this regard, Laba has presented 
some interesting information concerning the lateral thrust developed by frozen 
soils. Although practical design information is not available, the data presented 
should serve to guide the engineer in his consideration of thrust and overturning 
moments against retaining walls and abutments. 

Laboratory testing of stabilized materials for the effects of freezing and 
thawing should be more closely related to the probable number of cycles that the 
finished product would be subjected to in the field, according to Thompson and 
Dempsey. They present a method for developing a parameter from climatic 
data that would allow such correlation. They also suggest that, because such 
factors as cooling rate and duration of freezing may substantially affect the re
sults, these factors should be studied further. Standard test procedures may 
need to be altered to accommodate this parameter and these factors. 

Righter, Altschaeffl, and Lovell present some interesting observations re
garding compaction and strength relationships in low temperatures. The idea 
that cold but not frozen soils may be used in fill construction by increasing the 
"effort" of compaction without harmful effects to strength characteristics is 
advanced. However, the authors also point out that "Operations of this sort are 
not envisioned in the normal specifications ... and cannot be undertaken with con
fidence until a number of questions have been answered .... " 
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Phenomenon and Mechanism of Frost Heaving 
CHESTER W. KAPLAR, U.S. Army Cold Regions Research and Engineering 

Laboratory, Hanover, New Hampshire 

This paper presents a mechanistic explanation of frost action in soils, based 
on the hypothesis that liquid films existing between particles and an ice lens 
are the focal centers of energy for the heaving (work) process. Heaving, upon 
freezing, is not a unique property of soil particles and water; lensing and 
segregation occur with other powdered materials and other liquids. An ex
planation of the development of "suction" forces in unfrozen liquid below the 
ice lens is presented and experimental data are provided for two cases-a 
closed system and an open system. The effect of heat extraction rate and 
freezing penetration rate on rate of heaving is discussed. Experimental lab
oratory data indicate two critical rates of freezing: (a) maximum heave rate 
and (b) minimal heave rate equal to volume expansion of in situ (void) water. 

Heave rate and work of heaving and their dependence on free energy genera
tion during freezing are discussed in general terms. Typical experimental 
data are presented illustrating the reduction in heave rate with increased ex
ternal (and internal) resistance. The role of soil structure in frost suscepti
bility is discussed. Changes in frost heaving rates can be effected by addition 
or removal of either, or both, the coarse aggregate or soil fines. Suggestions 
are offered for approaches to soil modification to reduce heaving. 

This paper presents an easily understandable mechanistic description of 
the frost heaving phenomenon and the simultaneous presence of pressure and 
subpressure in the system, and points out the important soil parameters in
volved in frost heaving. 

eEARLY INVESTIGATORS demonstrated conclusively that soil heaving is caused by 
migration of water within the soil to the freezing front, forming an ice lens (2, 18). 
The ice lens grows parallel to heat flow, unless restrained, and heaving occurs in the 
direction of least resistance. A precise and complete explanation of this basic phe
nomenon is still not available, although Taber (18) was sufficiently farsighted to postu
late that a thin film of liquid separated the ice phase from the soil grains and that 
movement of water to feed the ice lens above the soil grains was through these thin 
films. Beskow (2) also believed that such a thin film was an important factor in the 
heaving process.-

Experimental work at the U. S. Army Cold Regions Research and Engineering Lab
oratory (USACRREL) by Corte (4) demonstrated convincingly that a thin liquid film 
must separate the ice layer andsoil particles and contain the force mechanism tending 
to keep them apart. Corte's experiment consisted of freezing water from the bottom 
upward in a large wide-mouthed jar as shown in Figure 1. After partial freezing up
ward, Corte sprinkled into the water above the ice several sizes of small soil grains, 
which came to rest over the ice. As freezing of the water was .slowly continued up
ward, he observed that some of the soil grains moved up with the ice front (direction 
of lease resistance), while others were engulfed by the ice. Various rates of freezing 
showed that different sizes of particles were either thrust upward or were engulfed. 
The fact that some particles were moved upward for any distance indicates that they 
had to be supported by a liquid-like film (not visible or measurable in the experiment); 
otherwise the water would freeze around them and they would not move. To maintain 
a film beneath the particle requires that new water enter the film to replace water 
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Figure 1. Corte's experiment. 

molecules transformed into ice. If shape 
or weight of the particle slows the diffu-
sion or replacement process, the particle 

SOIL SURFACE 
• C> • • •• • 

• • - • - • • 0 • • • . . . ' . . 
FREEZING 
DOWNWARD 

~ ~...:...:. ~._:_:·~· ~·. 'u~· :~".;:_. :_i:~ :.i .:.!!. ~ 
p ft ,IcE LENS ;/' /I 

F ;f THIN FILM P 
/ 

WATER SUPP LY 
(Below atmospheric pressure) 

Figure 2. Active thin films separating ice and 
fine particles. 

will be engulfed by the forming ice. In Corte's experiment, particle sizes that were 
engulfed under one rate of freezing were observed to migrate when the freezing rate 
was reduced, thus permitting more time for new water molecules to resupply the film. 

Similar experiments involving matrix liquids of water, salol, thymol, and ortho
terphenyl and using particles of graphite, magnesium oxide, silt, silicon, tin, diamond, 
nickel, zinc, iron oxide, and silver iodide have been reported (21). Particle rejection 
by the frozen phase of various liquids used wrui observed, andveiocity rates of particle 
movement were measured in these studies. Hoekstra and Miller (6) also report ex
clusion of spherical glass beads and rods from an upward advancing ice front. 

FROST HEAVING MECHANISM 

With the functional concept of the thin film as a force mechanism as demonstrated 
by Corte (4) and Uhlman (21), we can now visualize the heaving mechanism in a mass 
of fine soif particles, whenfrozen from the top down. Figure 2 shows a section of a 
downward freezing soil mass in which an ice lens is growing. For ice segregation to 
occur, a quasi-liquid layer, as indicated at position F in Figure 2, must exist and 
provide the driving force. This specific layer between soil and ice is called the active 

Figure 3. Hypothetical section across cylindrical soil 
specimen depicting upward thrust of active film layers 

immediately below ice lens. 

film layer. 
The summation of all the individual 

active layer forces acting in concert during 
freezing provide the total lifting force on 
the frozen material above. This is shown 
in Figure 3 for a cross section of soil. The 
more fine particles in the plane of freezing 
the greater the heave force will be. 

The molecular layers of water in con
tact with the ice possess a high degree of 
polar orientation with the ice lattice and 
thus have a fairly rigid and ordered struc
ture. The adsorbed water on the soil parti
cle is likewise bound by strong adsorption 
forces, as evidenced by heat of wetting, 
and also possesses a high degree of struc
tural rigidity different from layers ad
sorbed on the ice. 

It can be assumed that as a result of 
freezing within the active film layer a 
water molecule undergoes a physical ad
justment of its position in order to fit prop
erly into the ice crystal lattice. In the 
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process, the force balance is disturbed and a rearrangP.mP.nt of t.he remainin~ water 
molecules occurs to restore equilibrium, and water molecules from the void water are 
attracted to satisfy the unbalance. Less energy is required to attract and freeze the 
outside molecules than to remove a molecule from the adsorbed layer on particle. In
vestigations have shown that the adsorbed water molecules at the surface of very fine 
particles can be exchanged with other water molecules relatively rapidly, because their 
diffusion rate is high if travel paths are short (15 ). 

The demand for replacement molecules into lhe active film layer is thus governed 
by the volume rate of phase transition within the layer. Of course, additional water 
molecules outside the active layer are also frozen onto the ice lens, as at point B in 
Figure 2. If flow to the freezing front (including active layers) from adjacent areas 
equals the loss of water molecules to ice, then a substantially stationary freezing front 
can be maintained and a thick lens will develop. If the freezing temperature gradient 
is such that the freezing of water at point B is greater than at point F, then the ice at 
B will take a convex shape as dictated by the void space between particles. In the 
process, the active film area between particle and ice above becomes larger, but at 
the same time the replacement flow path to the apex is greater and flow diminishes, 
and the convex ice finger will either penetrate through the narrow void or a new ice 
nucleus will form below, engulfing the soil particles in a continuing heaving process. 

Heaving may be produced by the growth of a clean ice lens or during frost penetra
tion, wherein many particles are engulfed, individually or in clusters, to give a homo
geneous or heterogeneous appearance, as the circumstances may dictate. Heaving is 
not necessarily accompanied by clearly distinguishable ice lenses. 

The width, thickness, and surface characteristics of the particle are important for 
water supply. It is also important that a particle be small enough to have either an 
upper or lower surface within the plane of freezing. For uniform fine- grained soils 
the plane of freezing will be relatively uniform on a macroscale but undulating or 
irregular on a microscale, compensating for slight differences in composition com
paction. The maximum heaving action will occur when the area of active film layers 
is maximum in a freezing front system. Larger particles lying across the freezing 
front do not contribute to the heaving activity and, in fact, inhibit it. ~-

In this paper we are not concerned with the origins of the energy or with thermody
namic formulations of ice-film-particle relationships. This is for the soil physicists 
and physical chemists to formulate and debate. We only wish to emphasize the con
firming evidence, available from the particle migration studies of Corte (4), Uhlman 
et al (21), and others, that a force mechanism exists in the quasi-liquid active layer 
separating the particle from the solidified liquid. This force mechanism can do work, 
and work requires expenditure of energy. Any explanation or application to engineer
ing problems requiring reliable prediction and control must eventually consider quan
titatively the thermodynamics of the whole system, including particle sizes, shapes, 
and distribution; solid (ice and water particle)-liquid interrelationships; simultaneous 
flow of heat and water; and thermal rate processes. A good mechanistic explanation 
of the frost heaving phenomenon has been prepared by Wissa and Martin (22). 

PARTICLE FINES AND LIQUIDS IN LENS SEGREGATION 

It has been established that soil fines in the presence of free water provide the nec
essary conditions for ice segregation. Recent studies and earlier data reveal that ice 
segregation is not restricted only to soils; ice segregation may occur within various 
materials consisting of a mass of discrete fine particles. These particles may be 
organic, metallic, or a combination of powder-fine minerals. Taber (18) demonstrated 
the occurrence of ice segregation in precipitated barium sulphate, lithopane, and Kadox 
(ZnO), with average particle diameters of 2, 1/:i, and ~ microns respectively. 

Water is an essential ingredient for ice segregation during freezing in nature. How
ever, water is not a necessary ingredient. Any wetting liquid that crystallizes upon 
a phase change during cooling and has a definable freezing point may provide active 
film forces. Taber (18) recorded heaving and lensing with nitrobenzene and with 
benzene, as did Kaplar (!!)in laboratory tests (Fig. 4). It should be noted that nitro-
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Figure 4. Left: New Hampshire silt after freezing showing lenses of benzene. (Corners show effect of drying and 

flaking off.) Right: Benzene distribution in specimen after freezing (11). 

benzene and benzene contract upon freezing, and hence development of pressure within 
the active fil:i:n layer caimot be merely attributed to volume exi;~msion on phase change. 

Recent studies (17) report heaving and lens formation in a powder of silica smoke, 
Si02, in diatomaceous earth, and in Linde alpha alumina powder, Ab03. With Ah03, 
three different iiquids were used: nitrobenzene, o- chloroaniline, a.utl .fonnamide; 
segregated lenses were reported to have formed upon unidirectional freezing of these 
mixtures. Further experimentation using carbon black, pure magnesium oxide, and 
600-mesh silicon carbide with water as a fluid also produced ice segregation upon freez
ing. The particular migration studies by Uhlman et al (21, p. 3) with several organic 
liquids support the universal nature of the segregation bYfreezing phenomenon. 

SUCTION OR SUBPRESSURES DEVELOPED 
IN SOIL WATER DURING FREEZING 

To many people the most puzzling phenomenon occurring in frost-susceptible soils 
is the seemingly mutually contradictory phenomena of the simultaneous existence of 
heaving pressure and the soil water subpressure (tension) during freezing. The explana
tion presented in this paper is based on the assumption that the primary heaving force 
emanates from the thin films separating fine particles and ice. Through this film is 
transmitted the intergranular effective stress on the soil particle system. When heav
ing is taking place the thin film forces act as miniature hydraulic jacks. In lifting the 
frozen soil slab upward, a suction is developed in the liquid between jacks causing 
moisture to flow in response to the pressure gradient created. This is analogous to a 
suction-type water pump where external air pressure provides the motive force. Pump 
delivery will depend on the pumping rate (energy supplied), the suction head, and the 
size of the supply pipe. In soil the supply of water for ice segregation will also depend 
on the distance to free water (equivalent to the suction head), the size and number of 
water passages, the rate of active film water frozen and replenished (jacking rate), 
and the number, size, and location of released air bubbles. The active layers need to 
pull in only a few molecules to replenish those lost to the ice phase to maintain the jack
ing action. 

If the permeability of the soil is such that water cannot flow up fast enough to fill the 
demand, then several things are likely to occur. As water molecules are drawn into 
the active layer from adjacent voids (a) a tension (subpressure) will develop in the void 
water; (b) air or gas vapor bubbles will emerge from the solution, either from the pores 
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on a rough particle surface or in voids between particles and thus further impede flow; 
and (c) freezing will penetrate deeper into the specimen. The closely packed vertical 
striations of these numerous extremely fine bubbles are nearly always seen in ice 
lenses, giving them a threadlike appearance. 

Because of strong attraction for water molecules at the ice front, many highly im
pervious clayey soils undergo desiccation for a short distance below the freezing zone, 
and vertical shrinkage cracks may occur with accompanying consolidation. It has been 
stated that fat clays are not frost susceptible, Of course, this is not true; they are very 
frost susceptible, but their imperviousness restricts heaving. Nevertheless, thaw
weakening can be substantial. 

A simplified model of a freezing soil system, the jacking action, and the develop
ment of void water subpressure are shown in Figure 5. It is not intended to imply with 
this model that the greatest subpressure that can be developed in the soil system is 
limited to atmospheric pressure. This is not so. The subpressure potential of the soil
water- gas films can be considerably greater as indicated by the theory of capillarity. 

SUBPRESSURE MEASUREMENTS BENEATH ICE LENSES 

Porous ceramic tensiometers attached to either mercury or water manometers were 
inserted into specimens of New Hampshire silt to measure the void water subpressures 
developed during freezing. Figure 6 presents the results of tests of a 12-in. high speci
men slowly frozen downward in an open system. The readings show that a persistent 
subpressure of about 8 cm of mercury (Hg) was maintained in the specimen below the 
freezing fron,t during freezing and heaving. 

Figure 7 shows the subpressure developed at the base of a 6-in. high silt specimen 
slowly frozen from the top downward in a closed system test, i.e., no outside water 
available. The specimen started out with a small subpressure of 20 cm of Hg because 
it was not fully saturated. Freezing caused the subpressure to increase at the base as 
the water was withdrawn to the freezing front. A subpressure of 68 cm of Hg was 
measured before the mercury column separated. These results show the strong at
traction for water molecules at the active film layers when freezing is taking place. 
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Figure 6. Soil moisture subpressure measurements in New 
Hampshire silt while freezing in open system. 

EFFECT OF COOLING RATE ON HEAVE RATE 

Studies by Penner (16) and by Kaplar (12) show that the heave rate is influenced by 
the cooling rate. In Arctic Construction and Frost Effects Laboratory (ACFEL) frost
susceptibility evaluation tests (10, 14), a low freezing rate of 14 in. per day was used 
to simulate natural freezing. Thismethod for laboratory freezing tests may have con
tributed to the wide range of heave rate results obtained for the same and similar soils 
in different test runs. 

In view of recent heave rate data obtained with faster cooling rates; it is now be
lieved that previous strict adherence in maintaining a low freezing rate was self
defeating if water supply to freezing front was impeded by released air inclusions or 
if specimen adfroze to cylinder walls. Any restraint of heaving normally results in 
a more rapid freezing penetration rate because of less latent heat release at the freez
ing front. The increased penetration rate , when observed by the operator , was cor
rected (reduced) by r ais ing th e air temperature in the freezin g cabinet , thus further 
decreasing the heat extraction rate and consequently the heave rate. The use of a 
constant freezing temperature (12) appears to be a more reliable and repeatable pro
cedure than the controlled rate of temperature penetration method previously used. 
Figure 11 in Kaplar's paper (12, p. 57) shows the effect of various rates of heat ex
traction, as controlled by lower surface temperatures, on several different types of 
soils. 
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Figure 7. Soil moisture subpressure measurements in New 
Hampshire silt during freezing in closed system. 
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EFFECT OF FROST PENETRATION RATE ON HEAVE RATE 

Because of the practical difficulties m maintaining a uniform slow rate (% in. per 
day) of freezing in laboratory frost studies for the different soils, an analysis of the 
actual and variable freezing rates obtained indicated that heaving rate was directly 
proportional to the freezing or heat extraction rate and not independent of it, as Beskow 
(2) stated. These observations led to a group of experiments on a "dirty" gravelly sand 
(Hutchinson pit) wherein the rates of frost penetration were varied up to 8 in. per day. 
One specimen was frozen at the extremely rapid rate of 18 in. per day. All specimens 
were in 6-in. high (inside-tapered) containers, open system, and prepared m accord
ance with adopted procedures (12). The test results are shown m Figure 8. The data 
indicate that the heave rate forthe soil and the system used increases with incr ease 
in fros t penetration rate to some maximum value and then begins to decr ease (shown 
by extrapolated dashed curve) until the heave rate curve intersects the theoretical void 
(m situ) water expansion curve and becomes coincidental with it. 

The heave rate measured at the 18-in. per day penetration rate fell very close to 
the void volume expansion curve. It thus appears that for laboratory specimens there 
are two critical rates of frost penetration: 

1. HR(max)• maximum heave rate , and 

2. HR(v) ' heave rate beyond the maximum where ice segregation is reduced to 

practically zero and the heave rate is due solely to volume expansion during phase 
change. 

These observations pertain to a specific 6-in. high soil frozen in the laboratory. 
Similar relationships would hold for other soils of equal height. 

Based on these observations , it is deduced that soil water subpressures would exist 
beneath the ice front for all rates of freez ing up to the second critical rate, HR(v), be
yond which a positive pressure (in saturated case) equivalent to the total unit reaction 
resistance developed if in situ void water freezes before it can leave the void space. 

Although these data are limited, the results indicate that laboratory freezing rates 
may be as high as 7 to 8 in. a day in similar base course soils and still produce useful 
heave rate data for comparative evaluation of frost susceptibility. At a freezing rate 
of 6 in. per day, test results could be available m 24 hours for 6-in. high test specimens. 

HEAVE PRESSURE AND WORK OF HEAVING 

The existence of strong soil heaving forces during freezing has been well demon
strated m nature by deformations of frozen ground; cracks in pavements; heaving of 
foundations of structures ; and movement of retaining walls, posts , and utility poles. 
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Measurements have been made in the laboratory to determine the magnitude of this 
force in various soils (5, 9, 17). Large freezing pressures have been reported for the 
fine-grained soils. - - -

In the heaving process it is obvious that work is being performed in lifting a load 
above the freezing front and in raising water up to the freezing front. Work requires 
the expenditure of energy. If the active liquid layer concept is correct and the thin 
films provide the primary lifting force, then the energy for doing work must originate 
within the thin films (8, 19, 20, 21). 

Studies at ACFEL ('14) ..... iuidfield observations (1) have demonstrated that a load on 
a frost-susceptible soil reduces the heaving rate and the total heave. A simple law of 
mechanics states that the amount of work is directly related to the energy expended, 
i.e., 

Energy Expended, E = Work .Performed Resistance x Distance 
= p x h 

For a time rate process, the relationship be com es 

E = P X h 

. . 
where h is the heaving rate and E is the free energy generation rate activated during 
freezing within the active film layers. It accounts for work done in the heaving process. 
The rate of heaving in a given soil has been observed to increase with increased heat 
extraction rate across t.l1e freezing front (12, 16), at least up to some limiting value of 
heat extraction rate. Use of this free energyto accomplish work depends on the avail
ability of water to the active layer zone. Without water, work of heaving cannot occur, 
a..~d tlie available enerr;f is probably used to detach and ir·eeze molecules oi highly ad
sorbed water on particle surfaces. The amount of available usable work energy is be
lieved to be a function of the size of the active film area (governed by particle diameter 
and surface characteristics) and also of the film thickness (separation between ice and 
particle surfaces). The layer thickness may be affected by several factors such as 
overburden load, rate of freezing within the layer, and difficulty or ease of obtaining 
water. 

The total load, PL, above the freezing plane that heaving forces m ust lift in labora
tory expe riments (and similarly in the field) consists of four components : 

1. WL, external surcharge load; 

2. Wf, weight of frozen soil above freezing front; 

3. Sp , void subpressure during freezing; and 

4. F , internal frictional resistance to displacement, either at container walls or 
embedded material within the soil, expressed as an equivalent surface load. 

Thus the total work energy expended in the heaving process may be expressed as 
. . . 
E = PL x h + W 

where W = h Pw and is the work rate in lifting water, and Pw is a function of the soil 
water content and depth to water table. 

Thus 

The above expression gives the equation of a re ctangular hyperbola, wher e KE ·s a 
constant for particular soil and boundary conditions , and h and P are the rectangular 
variables . 
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For the range of work-energy gen
eration rates, E, capable of being de
veloped at the freezing front, a family 
of curves can be drawn to represent 
the simplified work-energy relation
ships (Fig. 9). 

Not all of the load or resistance 
factors mentioned are precisely known 
or have been measured in freezing 
tests. Only h and WL are accuretely 
known; wf can be closely estimated . 
Very little is known about the magnitude 
of subpressure, SP, for various soils 
under various conditions of tempera
ture and other boundary conditions, 
and of the factor F. 

An examination of the basic work 
equation, E = P x h where P > O, 
explains why high unit pressures can 
be measured in a test situation where 
heaving is restrained. For a given 
quantity of work energy, E, P will be
come very large if h is negligible. 
However, even small heave movements 
will prevent large heave forces from 

developing. Large heave forces measured in soils during restrained heave tests are 
not necessarily indicative of a serious frost heave problem. Fortunately, from a prac
tical viewpoint, the external and internal resistance required to reduce heaving of high
way pavements to tolerable levels is fairly low, usually about 4 to 6 psi. This is only 
a small fraction of the pressure that would be required to prevent heaving completely. 

Figure 10 shows the heave rates of several 
typical soils under various intensities of sur-
charge loads as measured in laboratory tests. 
The relationship between external load and 
heave rate follows the form of the work-energy 
curves plotted in Figure 9. Note that the ef
fect of load on heave rate varies in different 
soils ; increasing the load pressure on the 
glacial till and the silt retards heaving to a 
greater degree than the same load on the clay. 
Two explanations are possible in this case: 
(a) the clay contains considerably more fine 
particles and therefore more active thin film 
foci, and (b) the clay is more impervious than 
the other two soils and a greater subpressure 
probably developed in the soil voids thus add
ing to the external load. Because negative 
pressures were not measured in these ex
periments the magnitudes are not known. 
However, an indication of subpressures for 
one soil type is given in the data presented in 
Figure 6. 

Theoretical formulations of frost heaving 
have been studied (7, 19, 21). Jackson et al 
(8) show that their- theoretical formulation 
predicts heaving rate reasonably well for cer
tain assumptions. Accurate knowledge of 
temperature gradients, heat flow rates, water 
transport (saturated and nonsaturated cases), 
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Figure 10. Experimental heave rates vs external 
(surcharge) load for several typical soils. 
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Figure 11 . Restraints to heaving process by larger aggre· 
gates lying cross freezing plane. 

subpressure gradients in the void water, 
and the relationship of all of these fac
tors to the soil particles themselves 
and their pacldng is needed. Takagi 
(20) has formulated and solved differ
ential equations for simultaneous heat 
and unsaturated water flow to the freez
ing front. Further intensive research 
should be directed to the physics and 
thermodynamics of the active film layer 
when undergoing phase transformation. 
The recent interest in "polywater" or 
"anomalous" water known to form in 
very fine glass capillaries may rei:;ull 
in a better understanding of properties 
of soil water films. 

SOIL STRUCTURE AND FROST SUSCEPTIBILITY 

The presence of very small particle fines in a soil system influences frost behavior. 
It is apparent that the coarser soils contain considerably fewer fines per unit volume 
(also per unit cross section in a given plane) of soil and, therefore, cannot exhibit the 
same heave characteristics as silts . In gravelly soils, the larger particles or aggre
gate will lie across the freezing plane with a portion of the particle above and a portion 
below. Just as a load on the soil will act to resist the heaving forces, embedded coarse 
particles will offer frictional and displacement resistance to the heave forces located 
in the plane of freezing (Fig. 11). Figure 12 illustrates how the substitution of a large 
aggregate of comparable diaiueter for cu--i equivalent volume of very small particles 
alters the physical soil system not only with respect to capillary water supply and the 
quantity of soil fines, but also heat conduction. 

It has been claimed that heaving does not require the presence of fines and that with 
proper conditions heaving can be demonstrated in clean sands. Theoretically, this 
appears possible if the assumption of the active thin film is valid. In practice, however, 
the delicately precise conditions of temperature and heat flow balance required to main
tain ice lens growth would be too difficult to achieve for the relatively small number of 
thin film loci in sand in the critical position of the thermal plane where the action is 
taking place. Furthermore, the lifting force would necessarily also be small and could 
easily be neutralized by small overburden pressures and interlocking resistance. 

Beskow (2) reported that no heaving was observed with soil particles larger than 
0.1 mm in diameter. However, LaRochelle (13) reports heave rates of about 0.8 to 
0.9 mm per day in clean sand with zero percent passing the No. 200 sieve. 

An important requirement for the occurrence of ice segregation is that water mole
cule replacement time and travel distance for new water molecules be very small, so 
that replacement can take place readily and 
permit the ice lens to grow while the freezing 
plane remains stationary. It can be visualized 
why an active layer over a large stone or aggre
gate could not be easily supplied with new water 
molecules; the distance of travel would be 
very much greater. The heat flow balance re
quired to maintain the position of freezing 
front would be extremely critical when only a 
very few foci are involved, as in coarse
grained soils. A large number of activity loci 
permit a greater variation in heat flow without 
seriously affecting position of freezing front, 
providing water supply is readily available. 

~"·~ bd 0 

.. '" C~~ 
o Large Aggregate b. Smaller Particles 

Figure 12. Heave force and water supply for 
large particle vs many small particles in the 

same projected area. 



With an understanding of these 
considerations, we can apply this 
understandingin modifying a soil 
system to reduce its frost
susceptible behavior by reducing 
the number of fines, adding more 
coarse sizes to the system, or 
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doing both. Addition of the coarse 'O 
sizes performs two functions: it 41 

reduces the number of fines per ~ 4 

unit volume of material, thus per 
unit cross section; and it provides 
more embedded resistance to 
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heave forces. This sugests a 
number of other methods that 
might be used to counteract the 
heave forces: cementation of 
particles to resist separation and 
remove activity loci, use of 
fibrous tensile reinforcement in 
soil, direct loading, denial of 
water, and depression of freez-

Figure 13. Heave rate vs percent finer than 0.02-mm size of 
"scalped" gradations. 

ing point of water. 
Some interesting data on the effect of removal of fines or addition of coarse sizes 

on the heave rate of a base course type soil are given in the next section. 

MODIFICATION OF FROST SUSCEPTIBILITY 
BY ALTERATION OF GRADATION 

It was suggested earlier that frost susceptibility may be altered by removal of fines 
or by adding coarse aggregate. Data from two different experiments are available to 
illustrate the effect on frost-heave behavior of several frost-heaving base course type 
soils. 

The results of one experiment gave the heave rates of two "dirty" gravelly sands 
(Fig. 13), both initially containing about 5 percent finer than the 0.02-mm size stone, 
with maximum size stone of 2 in. Specimens were frozen in the laboratory in the open 
system, using the standard Corps of Engineers test procedure (10, 14). Several differ
ent specimens were prepared from the basic material except that coarse sizes were 
"scalped" off successively as indicated in the figure, so that only the portion finer than 
a given size remained. Nothing else was altered. The compacted unit dry weights 
differed, however, because of the different gradation distribution. As the coarser sizes 
were removed, the percentage of the 0.02-mm size increased, and the measured heave 
rates also increased to the minus No. 200 mesh material, wherein a slight decrease in 
heave rate was measured. These data have been confirmed by similar tests on other 
soils. It can be concluded that adding or removing coarse sizes will produce changes 
in frost susceptibility. It would have made little difference in the example presented 
if we had started with the minus No. 200 mesh and added coarse sizes up to the 2-in. 
maximum; the effect would be the same. The total number of fine particles and their 
distribution are altered, and of course the overall permeability is changed. 

Another set of experiments was tried at USACRREL during a cooperative effort with 
the University of New Hamphsire and the New Hampshire Department of Public Works 
and Highways (3). Two "dirty" base course soils were selected for experimentation 
to observe the effect on heave rate by reduction of fines by two methods: (a) by removal 
of fines (washing out some minus No. 200 mesh material); and (b) by adding some addi
tional coarse sizes, % to % in., thus reducing the percentage of fines. The results, 
presented in Table 1, show that both approaches for reducing the proportion of fines 
decreased the frost susceptibility as measured by the heave rate. The implication of 
these test results is that it should be possible to alter a soil by judiciously blending 
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TABLE 1 

SUMMARY OF GRAIN SIZE DISTRIBUTION MODIFICATION AND FROST-SUSCEPTIBILITY TESTSa 

Type of 
Modification 

Original 
gradation 

Coarse added 
(1/, in . to'/. in.) 

Fines removed 
(-No . 200 mesh) 

a After B iddescombe (~}. 

Spec . 
No . 

l 
2 

1 
2 

1 
2 

Bergeron Pit 
Gravelly Sand 

Soil 

Percent Finer 
Than 0.02 mm 

Rate of Heave 
(mm/day) 

3.0 
3.0 

2.5 
2.5 

2.1 
2.0 

1.6 
1.5 

1.0 
1.2 

1.2 
1.0 

Canterbury Pit 
Gravelly Sand 

Percent Finer 
Than 0.02 mm 

2.8 
2.8 

2.0 
2.0 

2.0 
2.0 

Rate of Heave 
(mm/day) 

3.2 
2.6 

1.8 
1.9 

1.6 
1.9 

and mixing soils together or by washing out fines to obtain the required soil gradation 
characteristics. There is no need to depend on nature to provide the required grada
tion and reject a material because it lacks the correct index number. 

It is believed that these results warrant further study to determine the most desir
able gradation characteristics for the intended use and to develop ways and means of 
blending and mixing natural deposits or other artificially or mechanically prepared 
materials to meet man's needs. 
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Influence of Frost Action on the 
Bearing Capacity of Soils 
H. L. JESSBERGER and D. L. CARBEE, U.S. Army Cold Regions Research and 

Engineering Laboratory, Hanover, New Hampshire 

During frost melting periods, the bearing capacity of frost-susceptible 
subgrade soil or subbase mutcrial is reduced. The magnitude of U1is 
reduction in bearing capacity can be determined by performing CBR 
tests on soil s amples subjected to several freeze-thaw cycles. Fur
ther studies are necessary before the prefrozen CBR values can be 
directly introduced in road design as a characteristic number for bear
ing capacity. 

The proposed test procedure can be used for testing all soil types 
except clays and is particularly useful for dirty sands and gravels. For 
these soil types, the CBR value after several freeze-thaw cycles is 
controlled by the fraction of particles smaller than 0.02 mm and the 
coefficient of uniformity. The Casagrande frost criterion can perhaps 
be modified to include the coefficient of uniformity. 

•TWO PHENOMENA must be distinguished in considering frost action in subgrades or 
::;uuuai:H:!S ui roads and highways, frost heaving during freezing and loss in bearing ca
pacity during thawing. This paper deals primarily with the latter, i.e ., reduction in 
bearing capacity during thaw. 

The occurrence of several fre eze - thaw cycles during one winter is well established 
and has been documented by George and Davidson (1), Klengel (2) , and Kubler (3) . The 
los s in bear i ng capaci ty during m elting has often been determined by observi ng the 
Benkelman beam deflection or rmming plate b aring t sts (4) . The general behavior 
during a 1-year period is s hown in F igure 1 (5, p . 47) . -

Yao and Broms (6) considered the pore pressures that develop during thawing as a 
function of rate of thaw and overburden pressure. The value of the overburden pres
sure is the upper limit of the pore pressure. The pore pressure dissipates during con
solidation, which results in an increased bearing capacity. These considerations have 
not yet been verified by experiments. The consolidation of thawing soils has also been 
the subject of some Russian studies (7 , 8); however, the researchers were primarily 
concer ned with the settlement of struc tures built on permafrost. 

A practical analytical solution of the loss in bearing capacity during thawing does 
not appear to be available at the present or in the foreseeable future. It will, there
fore , be useful to look for an approach by which the loss in bearing capacity can be rec
ognized for the purpose of more economic road design. 

PROPOSED TEST PROCEDURE 

The test procedure proposed uses a combination of three well-known tests with a few 
modifications. These tests are (a) compaction test, (b) freezing test, and (c) CBR 
test. 

Compaction Test 

The samples were compacted according to the modified AASHO compaction proce
dure at optimum water content in a steel mold with a 6-in. inner diameter and a height 
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of 7 in. A spacer 2% in. thick was used, so 
that the height of the sample was 4-Y2 in . (9). 
The sample was compacted in five layers with 
55 blows per layer. 

Freezing Test 

The following conditions are important in 
freezing the samples : 

1. Design of the sample holder with regard 
to the temperature distribution and the wall 
friction, 

2. Water supply, and 
3. Temperature control. 

For normal freezing tests , USACRREL 
uses polyacrylate (lucite) cylinders as shown 
in Figure 2 (10). The thermal conductivity 
of lucite is similar to that of soils. The ta-
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Figure 1. Change of bearing capacity during 
1-year period. 
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pered inside wall, in addition to a thin, one-piece, adhesive-backed Teflon liner, allows 
the sample to heave with a wall fr ic tion cons idered to be insi~ificant compared to the 
relatively high surcharge of 20 lb (er = 0.81 psi = 0.056 kg/cm ) used in all freezing and 
CBR tests. The soil was compacted in a steel cylinder with s ide dim ensions equal to 
those of the lucite cylinder; a spacer 1 in. high was used to make the sample 5 in. high. 
A duplicate run on each soil is recommended. The water content of the compacted 

~1---Woil)>t 

11:5:s;:!!~5s=s :S:::< :s:::< ~· :<::::< ~~:!!;::s ::0"---SUJ'Chlrgo Plato 

'------Poroua Stone 

H ------ --1/U" Tubing Nipple 

Figure 2. Freezing cylinder. 

sample should be determined. 
The soaking base plate (Fig. 2, 

center) was used only for the first 
soaking period of 24 hours when the 
sample, still outside the freezing 
cabinet, was connected to a free 
water supply. A filter paper, a 
coarse porous stone, a copperplate , 
and a weight to give a total surcharge 
of 0.81 psi were placed at the top of 
the sample (Fig. 2) during soaking 
and freezing. 

For the freezing test, the base 
plate was modified to allow air to 
escape from the sample (Fig. 2, 
bottom). The water level was held 
at the top of the sample during soak
ing and at the bottom during freez
ing and thawing. 

The normal freezing procedure 
was modified in that the samples 
were subjected to several freeze
thaw cycles. Constant temperatures 
were maintained in the freezing cab
inet during each freeze or thaw pe
riod. This modification is similar 
to the durability test used for soil
lime and soil-cement mixtures (1, 
11, 12) and was introduced to simu
late in situ conditions and to produce 
a more uniform "weakened" sample. 
In contrast to the durability test, the 
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Figure 3. Temperature recording in freezing cabinet during freeze-thaw cycles. 

freeze and thaw temperatures penetrate into the samples only from the top of the sam
ples, which are surrounded by insulation. Factors including soil type can warr::rnt 
changing the number of freeze-thaw cycles, inasmuch as the number of cycles influ
ences the CBR test results, depending on soil type. In many cases three freeze-thaw 
cycles were found to be sufficient. 

The duration of each freeze and thaw cycle can also be varied. In these experiments, 
freezing and thawing times were both set at 12 hours and were found suitable for mos t 
of the samples. 

The temperature for freezing and thawing is controlled by the general rule that the 
samples are almost completely frozen and are completely thawed at the end of each 
corresponding part of the cycle. Although different samples have a range of thermal 
diffusivities because of differences in soil type and water content, a fixed cabinet tem
perature was chosen for all tests. The cabinet temperatures chosen were -15 C at 
the top and +4 C at the bottom during freezing and +20 C and +4 C respectively during 
thawing. Figure 3 shows a typical recording of the air temperature in the freezing 
cabinet durin!!' t.hf! frP.P.7.P.-th~m ,.._v,..lP<> 

Recently Kaplar (io)cte~~i~p~Jd-~-;~all freezing unit for four samples, which is 
recommended if a timer is added. 

CBR Test 

To determine the bearing capacity of the soil after freeze-thaw cycles, the CBR 
test was chosen. This test procedui·e is well known (12), and the equipment is avail
able in every soils laboratory. The test can be easily performed, and it works on 
strong and weak, cohesive and noncohesive soils. 

To obtain true penetration loads from the test data, the zero point of the stress
penetration curve has to be adjusted if surface irregularities or the initial concave
upward shape of the curve demands a correction. The correction procedure described 
elsewhere (!.~) has been modified in the following manner: 

1. For the correction of surface irregularities, the new zero point will be found 
by drawing a straight line through the points at 0.1- and 0.2-in. penetration. 

2. For the correction of the initial concave-upward shape of the curve, the new 
zero point will be found by drawing a straight line through the points at 0.2- and 0.3-
in. penetration. 

The CBR at 0.2-in. penetration, with or without correction, is the standard value. 
The surcharge that influences the CBR can be selected according to the weight of 

the pavement and other loads if required, but for comparisons among several soils the 
application of the same load is necessary. It is recommended that a 20-lb load be 
used for the CBR test as well as for the freezing procedure. After running the CBR 
test, the water contents of the sample at top and bottom should be determined. 

DISCUSSION OF PROPOSED TEST PROCEDURE 

Requirements for a Useful Frost-Susceptibility Test 

In developing a frost-susceptibility test, the following general factors are to be 
considered: 



1. General soil index properties; 
2. In situ conditions of the soil, i.e., water content, density, and the like; and 
3. Conditions responsible for the frost action, i.e., temperature, time, number 

of cycles, water supply, and surcharge. 

The performance of the test itself sets another group of requirements: 

4. Results should lead to direct use in road design. 
5. Test results must be reproducible with sufficient accuracy. 
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6. The test should be fast and inexpensive; furthermore, the test should be suffi
ciently simple so that it can be conducted by soils laboratory personnel without special 
training. 

Fulfillment of Requirements by Proposed Test Procedure 

In considering factor 1, if coarse mater ial is to be tested, the gradation is scalped 
so that only material less than % in. is used and the material larger than 3/4 in. is re
placed by material between % in. and sieve No. 4. This is the same procedure used 
in the standard compaction test and CBR test 8. 

For factor 2, soil compacted at optimum water content does not always correspond 
to in situ soil. However, the density is altered by the freeze-thaw cycles, and after 
several cycles an equilibrium is reached that depends on the freeze-thaw character
istics of the soil rather than on the density and water content of compaction. The sam
ple condition after several freeze-thaw cycles should correlate with the in situ condi
tion in the winter after several frost periods. 

The most important factors in 3 are temperature, freezing and thawing time, and 
number of cycles. The main question, however, is how these factors influence the 
prefrozen CBR value. The test discussed later shows the influence of these factors 
on the prefrozen CBR value. The time of freezing and thawing and the dimensions of 
the sample were chosen in accordance with the Fourier model law of heat flow (13). 

Requirement 4 is principally fulfilled because the CBR is still the basis for ade
sign method of flexible pavements (9). It should be mentioned that the CBR of the pre
frozen samples is found after a relatively short consolidation time. It is questionable 
whether these unfavorable conditions should control the pavement thickness or the 
thickness of the total road construction. 

The possibility of fulfilling requirement 5 depends on the accuracy of the three sep
arate and well-known tests of compaction, freezing, and determination of CBR. The 
proposed test procedure is expected to be less accurate than each of the separate tests, 

TABLE 1 

PHYSICAL PROPERTIES OF THE TESTED SOILS 

Yd 
UnUied Dry Unit Particle Uniformity Permeabilityb Soil Spe- Liquid PlUtlc Welsh< 

Soil Classi- cilic L1mH3 Limtta p::~!~~ty Wopt Maximum Content Coefficient at Maximum 

ii cation Gravity (percent) (percent) (percent) 
Denelty 

0.02 mm u Density 

Symbol (lb per (percent) doo/d,. (cm per sec) 

cu It) 

1 MS! ML 2. 73 26 21 5 11.6 108.3 65 3.0 
2 HPG SW-SM 2. 79 16 18 -2 5.3 143.3 5. 5 29.3 7 x 10-• 
3 HCS SP 2. 74 11. 2 125. 4 3. 7 1.3 x 10- :.1. 
4 HSS SC 2. 72 13. 0 114. 0 7.1 6.3 5 )( 10-• 
5 WLT SC 2. 74 14 17 -3 5.0 144.8 12 213.3 
6 AFG-3 SP-SM 2. 71 11 15 -4 5.5 144. 0 4.5 67.1 
7 AFG-6 SP-SM 2. 75 19 20 -1 5.8 144. 0 3.0 30.0 

~ ~6~-lb SP 2.67 15.5 100. 0 2.4 1.5 '10-• 
SC 2.64 20 26 -6 9.4 11 9.0 8.0 23.3 

10 HSI ML 2. 74 24 26 -2 16.5 106.3 42 6. 6 
11 WSI ML 2. 72 27 26 1 18.0 105.0 76 4.8 
12 sue CL 2.69 33 20 13 15. 0 116.0 75 
13 WLT-4b SC 2. 74 14 17 -3 6. 8 134.5 19 33. 3 Ll x 10-• 
14 BMS SP 2.64 8.2 108 2.0 2.4 
15 TCS SW 2. 73 8.3 133 0.6 29. 0 
16 ETS SW- SM 2. 71 8.5 132 9 54.5 
17 WLS SW-SM 2.69 6.9 132 3. 7 11.6 

LSTC SM -SC 2. 71 21 15 8.2 134 32 500 
LFTc ML 2.67 31 24 18.6 104 46 6. 5 

aMaterial passing No, 40 sieve, bMaterial passing No. 4 sieve , 

cAverage values for Loring till and Fairbanki silt lested 21t Loring AFB and Fairbanks Ae5earch Area respectively 
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Figure 4. Gradation curves. 

but it will be shown in the next section that for sandy and silty soils the reproducibility 
is sufficient, and for gravelly soils it depends on the arrangements of occasional large 
particles. The variation of the CBR for prefrozen samples is of the same order as for 
non-prefrozen samples. 

The fulfillment of requirement 6 may still be a matter of discussion. 
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RESULTS OF TESTS USING THE PROPOSED PROCEDURE 

Soil Types Used 
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n 

Seventeen different soils were tested in the laboratory by the proposed procedure. 
(For identification and descriptions of the soils tested, see Appendix.) The physical 
properties of the soils are given in Table 1, and the gradation curves are shown in 
Figure 4. It was intended to check the proposed method using soils with a wide variety 
of grain sizes and grain size distributions. 

Temperature During Freeze-Thaw Cycles 

While a constant temperature was maintained in the freezing cabinet (Fig. 3) during 
each part of the cycle, the surface temperature at the top of the sample and the tem
peratures at the bottom and 3 in. from the bottom were recorded as shown in Figure 
5. In Figure 6 a typical temperature distribution as a function of height in the sample 
is plotted. 

TABLE 2 

AVERAGE TEST RESULTS 

Heave (in.) Maximum CBR (percent) 
CBR 

Soil Heave Reduction 
Maximum Rest Rate Prefrozen NGn-

(percent) (mm per day) Pre!~ozen 

1 MSI 0.85 0.30 32.1 0.63 50.5 99 
2 HPG 0.32 0.08 21.0 31. 7 97.2 67 
3 HCS 0.02 -0.01 1.5 38.8 51.1 24 
4 HSS 0.41 0.13 19.1 7.3 37.8 81 
5 WLT 0. 75 0.27 25.1 7.3 141.1 95 
6 AFG-3 0.08 -0.01 10.3 66. 7 74.2 10 
7 AFG-6 0.10 -0.01 11.5 69. 7 78.l 11 
8 MFS 0.008 -0. 009 2.0 23.5 32.4 27 
9 KOR-1 0.45 0.23 18.2 8.2 66.2 88 

10 HSI 1.07 0.55 35. 9 0.80 70.0 99 
11 WSI 0.68 0.32 23.5 o. 70 48.7 98 
12 sue 9.0 38. 7 77 
13 WLT-4 0.88 0.40 38.2 2.45 133.3 98 
14 BMS 0.03 0.008 3.1 26.1 37.8 31 
15 TCS 0.05 0.007 3. 9 73. 8 97.0 24 
16 ETS 0.87 0.21 42.4 11. 7 97.0 88 
17 WSL 0.06 0.018 6.7 45. 7 74.0 39 

LST 4. 7 24.6 81 
LFT 2. 5 27.0 91 
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TABLE 3 

DETAILED RESULTS, WITH COMPACTION DATA 

~ 
Compaction Data Prelrozen CBR Nwnber 

Soll Sample Corr. CBR or Remarks 
Ydo Wo Wopt Cycles (lb per cu It) (percent) (percent) (percent) 

I MS! o-o 97. 7 10.8 28.1 0.80 
1·1 108.3 11.7 11.3 45.5 No surcharge 
2-1 104.2 11.0 34. 7 1 day soaking; 0.4 psi 
3-1 105.66 12.5 25.55 10.0 1 day soaking; O. 4 psi 
4-1 103. 58 12.2 11.7 50.5 

19-1 97.1 21.6 22.4 1.80 
20-1 96.4 22.1 22.1 1.87 
21-1 96.3 22. 3 22.3 1.30 1 day soaking 
22-1 95.6 22.8 25.4 1.00 2 days soaking 
23·1 98.9 21.4 24.8 1.40 2 days soaking 
24·1 98.8 21.2 22.9 1.38 2 rlayR ROOki ng 

5-2 99.3 11.7 32.3 (0.13) 3 0. 2 psi surcharge 
6-2 102.4 10.9 28.6 (0.90) 3 
7-2 103. l 11.3 32.6 0.30 6 O. 4 psi surcharge 
8-2 99.8 11.9 28.2 1.16 6 
9-2 102. 9 11.6 29.9 0.53 3 

10·2 103.0 11.0 29.4 0.47 3 
11·2 103.4 11.1 28.6 0.67 6 
12-2 103.5 10.8 28.9 o. 75 6 
13-3 102.0 12.1 30.1 0.53 3 
14·3 102.6 11. 7 30.1 0.58 3 
15·3 102.0 12.1 28.9 o. 75 6 
16-3 101.8 12.0 29.6 0.69 6 
17-4 102.4 11.9 28.6 0.67 3 
18-4 102.2 11.9 27.0 o. 75 4 
25-4 102. 7 11.2 28.9 0.57 1 
39·4 102.5 12.5 31.0 0.55 10 
97·4 103.7 16.3 30.2 1. 01 3 

101-5 104. 5 11.0 31.4 0.62 3 ·lOC 24-hour freeze cycle 
108-4 104.8 11.6 29.6 1.69 3 5-day consoUdation 
109-4 104.1 11.6 1.61 3 19-day consolldation 
113·6 104.5 11.3 31.5 0.47 3 ·5 C 60-hour freeze cvcle 

2 HPG 38·1 143.8 5.0 4.4 97.2 
26-4 143.1 5.5 9.2 30.8 3 
33-4 142.8 5.4 9.0 32. 7 6 
40-4 138. 7 5.2 7.8 30. 0 3 24-hour cycles 
44-4 142.2 4.1 8.1 33.3 3 

3 HCS 31·1 125.1 9.4 9.1 (24. 7) 
37·1 120. 7 12. 7 8. 7 51. l 
27-4 125.1 9.9 9.1 42. 7 
34·4 123. 0 11.. ! 20.6 40.0 
41-4 125.6 9.8 8.4 38.0 24-hour cycles 
45-4 122.6 10.5 9.0 34.5 

4 HSS 30-1 113.0 13.0 13.0 37. 8 
29-4 111.7 13.1 17.0 (18. 2) 3 
36-4 111.5 13.2 19.1 9.3 G 
43-4 110.9 13.5 17. l 5.0 3 24-hour cycles 
47-4 111.5 11.3 18. 4 7. 5 3 
96-4 112. 6 12. 6 17. l 12. 9 3 

100-5 112.1 13.1 17.2 9. 0 3 ·lOC 24-hour freeze cycle 
112-6 111.0 13.5 17.4 8.5 3 ·5 C 60-hour freeze cycle 

5 WLT 32-1 145.6 4.7 5.4 141. 1 
28-4 143. 9 4. 5 11. 0 7. 9 3 
35-4 141.4 5. 7 10.0 6.3 6 
42·4 141. 4 5. 7 9.8 6.1 3 24-hour cycles 
46·4 144.4 4.3 9.6 8. 7 3 

6 AFG-3 52-1 141.3 5.4 6.6 61.3 
64- 1 142.7 5.4 5.6 87. 0 
40-4 141.3 G.3 5. 9 68.0 
56-4 6.5 67.0 
60-4 141.1 5.3 6. 7 70.0 

7 AFG-6 53 - 1 144.0 6.2 6.4 73 .2 
65-1 144.0 5.3 6.3 83 . 0 
49-4 142.0 5.5 5. 9 62.0 3 
57·4 142.2 5.8 5.4 80.0 3 
61·4 142.1 6.0 6.4 67. 2 6 

8 MFS 54-1 103.5 15.3 15.6 32.4 
50·4 101.3 15. 7 22.2 17.3 
58-4 102.1 16.0 20.6 26.8 
62-4 102.2 15. 9 20.6 26. 6 

9 KOR· ! 55-1 9.8 9.3 66. 2 
51·4 119. 7 9.1 14.2 17. 0 3 
59-4 118.6 9.5 15.0 7.5 3 
63-4 120. 1 9.8 14.8 8. 9 6 

(Continued) 
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TABLE 3 (Continued) 

DETAILED RESULTS, WITH COMPACTION DATA 

Compaction Data Prefrozen CBR Number 
Soll Sample 

Corr. CBR of Remarks 
Ydo Wo Wopl Cycles (lb per cu ft) (per cent) (percent) (percent) 

10 HSI 70-1 107.8 15.5 15.6 70.0 
66-4 105. 3 16.4 31.1 0.67 3 
74-4 106. 3 16.1 29.2 o. 93 6 

11 WSI 71-1 106.1 17.3 17.1 48.7 
67-4 104. 4 17. 9 32.0 0.67 3 
75-4 104.0 18.8 32.4 0. 73 6 

12 sue 72-1 114.2 15. 9 14. 4 38.7 
68-4 110. 0 15.4 16.4 26.2 3 
76-4 110.2 15.8 18. 0 9.0 6 

13 WLT-4 73-1 136. 7 6.2 6.5 133.3 
69-4 134.6 6.6 14.4 2. 7 3 
77-4 134. 9 6. 7 14.2 2.2 6 

14 BMS 86-1 109. 1 7. 9 7.8 37.8 
78-4 106.3 7. 9 12.6 (7. 8) 
82-4 107. 7 8. 4 12. 1 (15.3) 
90-4 108.4 8. 0 12. 9 26. 1 

15 TCS 87-1 134.3 8.5 8.5 97. 0 
79-4 132. 0 7.4 8.5 80.0 
83-4 132.3 7.4 7.8 73.3 
91-4 132.4 8.5 9.4 68.0 

16 ETS 88-1 130. 9 8.0 8.0 97. 0 
80-4 128. 6 8. 1 13. 1 8.8 3 
84-4 129.3 8.2 13.3 14. 1 3 
92-4 129. 1 8. 3 13. 9 12.3 6 
95-4 130.5 7. 8 14. 4 15.3 3 
99-5 129. 8 8. 7 14. 9 8. 7 3 - 10 C 24 -hour fr eeze cycle 

106-4 130. 1 9.2 14.1 16. 7 3 5-day consolidation 
107-4 130. 9 8.5 30.0 3 19-day consolidation 
111-6 129. 7 9.3 15. 5 (4.0) 3 -5 C 60-hour freez e cycle 

(surface slanted) 

17 WLS 89-1 128.2 6. 7 7.2 74.0 
81 - 4 132. 0 7.2 10.5 42. 0 3 
85-4 128. 0 6.9 10. 8 46. 7 3 
93-4 127. 8 6.9 10. 5 48.3 6 
94-4 126.2 7. 9 10. 7 53.3 3 
98-5 127.2 7.5 10.2 52 .0 3 -1 0 C 24-hour fr eeze cycle 

110-6 126. 9 7.1 10.9 42. 7 3 -5 C 60-hour freeze cycle 

Frost Heave 

During the freeze and thaw cycles, the vertical movement of the sample surface was 
observed by means of a dial gage. There were no continuous observations so that dur
ing nights and weekends only limited data were read. The typical curves shown in Fig
ure 7 plot heave data versus time. From the heave-time curves, the maximum heave 
rates of several freeze cycles for each sample were calculated, if enough data were 
available. In Table 2 the average heave rates, the average maximum heave, the re
maining heave after thawing (rest heave), and the CBR values are given for each soil. 

CBR Values 

CBR tests were run with the non-prefrozen, as well as with the prefrozen, samples 
after several freeze-thaw cycles. In Figure 8, CBR curves of three soils are shown. 
Table 3 gives the compaction data of each sample, the CBR test values, and informa
tion about the freeze procedure. In Figure 9 the CBR values are plotted versus the 
fraction of particles smaller than 0.02 mm. 

Comparison With Previous Field Tests 

Several USACRREL reports on field investigations contain CBR data taken during 
the normal and the frost-melting periods. For example, the investigations at Loring 
AFB, Limestone, Maine (15), give the CBR values at 0.2-in. penetration (Table 4). 
These tests were performed at the surface of the subgrade, which is described a s 
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TABLE 4 

FIELD CBR VALUES FROM LORING AFB 

Average Field CBR at 0.2-in. 
Penetration (percent) 

Date 

Normal Period Frost-Melting 
Period 

October 1950 28 
April 1951 20 
November 1951 21 
April 1952 4.2 
April 1953 5.5 

Average 24.6 4. 7 

TABLE 5 

EFFECT OF TIME ON PREFROZEN CBR VALUES 

Soil 

5 WLT 
4 HSS 
3 HCS 
2 HPG 

CBR (percent) 

12-Hour Cycle 

7.6 
8.4 

39.1 
32.3 

24-Hour Cycle 

6.1 
5.0 

38.0 
30.0 

gravelly sandy clay (glacial till) with 17 
to 47 percent (32 percent average) par
ticles smaller than 0.02 mm and with U = 

500. The average CBR of the normal period was 24.6 percent. The average CBR of 
frost-melting periods can be calculated only from the data taken in April 1952 and 
April 1953 with the average result of 4.7 percent (Fig. 9). 

The Fairbanks Research Area (15) lies in a zone where the top of permafrost table 
is at a depth of about 12 ft below the surface. The subgrade material is silt with 28 
to 64 percent (46 percent average) particles finer than 0.02 mm and U = 6. 5. Layers 
of organic material occur within this silt. The average minimum CBR value found in 
field tests during the frost-melting period is about 2.5 percent. The field CBR during 
normal period is very low and reaches only 8 percent in a few cases, but the average 
result of laboratory CBR tests is 27 percent. This value is taken for comparison and 
plotted together with the minimum value in Figure 9. 

DISCUSSION OF FINDINGS 

One important point of the proposed test procedure is the introduction of freeze
thaw cycles together with the selection of a certain freeze temperature and certain 
freeze and thaw times. On the basis of the reported data it will be shown how the CBR 
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values are influence<i by the number of cycles and the temperature of the freezing test. 
Even though not all soil types of engineering interest are tested, a pattern can be rec
ognized in the data. 

1. With the exception of clay, there is no significant difference between the CBR 
after 3 and after 6 cycles in the soils tested. The tests with Manchester silt (soil No. 

1), for example, show no difference 
in the CBR values after 1, 3, 4, 6, 
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Figure 10. Average CBR values of soils with less than 15 
percent content of particles smaller than 0.02 mm versus 

content of particles smaller than 0 .02 mm. 

and 10 cycles. 
2. For four soils the CBR was 

determined after freeze-thaw cycles 
of 12 and 24 hours' duration, as given 
in Table 5. The relative influence 
of the freezing time is higher for 
soils with lower prefrozen CBR, i.e., 
a low CBR is influenced more than a 
medium or high CBR. Even though 
the absolute reduction of the CBR val
ues is small and lies within the ac -
curacy limits, the problem of the in
fluence of the freezing time remains. 
Further studies must establish the 
difference between a CBR value with 
a 12-hour freezing time and values 
reached after a much longer freezing 
time. The final values will probably 
be approached asymptotically. 

3. Because all tests were run 
with the same cabinet temperature, 
it is not known how the freezing tem
perature affects the CBR values. For 
this question, also, further studies 
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are necessary. The reported data es tablish the expec ted difference in the behavior of 
coarse and fine soils, for prefrozen and for non-prefrozen samples. For soils with a 
high coefficient of uniformity, the reproducibility is better than for poorly gradated 
coarse soils. In general, test reproducibility with regard to the differences in the 
compacting water contents and dry densities is satisfactory. 

Figure 10 shows the average values and the range of prefrozen CBR versus the frac
tion of particles smaller than 0.02 mm for the tested soils having less than 15 percent 
of this fine fraction. A relationship between the frost action and the bearing capacity 
during frost -melting periods can be found if both the fine material and the coarse ma
terial within a soil are taken into consideration, because the fine material is respon
sible for the frost effect and the coarse material is mainly responsible for the remain
ing bearing capacity. Therefore, the coefficient of uniformity is introduced. As shown 
in Figure 10 the prefrozen CBR v::ihrnA ::ire determined hy the content of particles 
smaller than 0.02 mm and the coefficient of uniformity. Because these two elements 
do not completely describe the gradation curve , the given dependence cannot fit ex
actly, but the general effects clearly emerge. 

Based on this finding it may be possible to modify the Casagrande criterion by in
troducing the coefficient of uniformity. The proposed test procedure must be run only 
for answering special questions such as es tablishing the influence of a mineral com
pound or the chemical conditions. 

Furthermore, it is possible to use the reduction of the CBR caused by frost action 
directly as a scale to classify the soils according to frost susceptibility. By using such 
a frost-susceptibility classification, however, an additional manipulation is needed to 
translate the sus ceptibility values to the design m ethod . Therefore, the pr efrozen CBR 
values should be introduced directly, or after some correction, into the design proce
dure. Further studies are necessary, and the goal of such studies should be the selec-
.... ..: __ _ .s: J..1...- "...J--..:~ rtnn11 I~\ -- LL-.,_ __ .:_ -£ .L.L- ----------...l ____ .... ,__..i Al-- J..L- 11~-..l-----l 
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subgrade strength design method" (17) should be verified or completed. To determine 
the thickness of rigid pavements it should be possible to find a new approximation to 
the "modulus of subgrade reaction kf for the frost-melting period" (17). 

CONCLUSIONS 

Seventeen different soils were tested by subjecting the remolded samples to several 
freeze-thaw cycles followed by the CBR test. The proposed test procedure is applicable 
to the most important soil types-dirty sands and gravels. If necessary, the method 
can also be used for clean sands and gravels as well as for silts, but not fo r clays. 

The influence of the duration of the freezing and thawing time as well as the number 
of cycles is lower than expected, except for clays. The influence of different tempera
tures is still to be investigated. It is possible to use the proposed test procedure for 
modifying the Casagrande criterion to take account of grain size above 0.02 mm as well 
as to verify or complete existing road design methods for frost action. 
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Appendix 
BRIEF GEOLOGICAL DESCRIPTION OF THE TESTED SOILS 

by 

A. Greatorex 
U.S. Army Cold Regions Research and Engineering Laboratory 

1-Manchester Silt A flood plain or glacial lake deposit of felsic, sub
rounded to subangular silt-sized particles; the orig
inal deposit shows fairly uniform graded bedding, 
which is indicative of seasonal climatic changes in 
the sedimentation occurring in a glacial lake 

2-Hutchinson Pit Gravelly Sand A glaciofluvial deposit, probably a kame or esker 
deposit, consisting of unsorted igneous and meta
morphic rock fragments and grains 

3-Hanover Clean Sand A glacial deposit of moderately sorted igneous and 
metamorphic sand grains with minor amounts of 
gravel and silt sizes; deposit is probably a kame re
sulting from a valley glacier during the last glacial 
period 

4-Hanover Silty Sand A glaciofluvial deposit, probably formed as a kame, 
occurring directly downstream from the clean sand 
described in 3 
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5-West Labanon Till 

6-Afghanistan No. 3 Sand 

7-Afghanistan No. 6 Sand 
8-Manchester Fine Sand 

9-Korean Sand No. 1 

10-Hanover Silt 

11-Wilder Silt 

12-Suffield Clay 

13-West Labanon Till 

15-Thetford Center Sand 

16-East Thetford Red Sand 

17-West Lebanon Sand 

A glaciofluvial deposit, probably a ground moraine 
deposited by the Laurentide glacier during the last 
glacial period 
Appears to have been obtained from a fluvial deposit 
of unknown origin in mountainous terrain 
Similar to the sand described in 6 
A fluvial deposit of felsic and micaceous minerals 
occurring on the flood plain of a meandering river; 
source areas of these minerals are plutonic igneous 
and high-grade metamorphic formations 
Probably a fluvial deposit; however, the geology and 
the geologic history of the area are unknown to the 
writer 
A varved glacial lake deposit containing monominer
alic, subrounded to subangular grains from igneous, 
sedimentary, and metamorphic source areas 
A fluvial, varved glacial lake deposit of much the 
same origin as Hanover silt; both deposits are re
sult of seasonal climatic changes causing a change 
in the size of the particles that settle out of the lake 
water 
A silt- and clay-sized aggregate of particles occur
ring as a flood plain deposit directly over glacial 
drift 
Same as that mentioned in 5 but has been scalped 
above the No. 4 screen of the Tyler sieve series 
A ..,.,.....,,..,.nll ... .,. ,r:..;1.f.,.,. ""'""" .f!,...n'l'VI 1\/fr'\n,...at::t.f-nu7n 1\.TanT Tn,...nn .. ,. 

... -;a. 5.&.Q.Y\J.L.LJ' ,,;;;:J.&..&.1.J QU.&.J.\A .L.LV,L.U, .&.t'.LVV.L.._,~'-VV\1.1..I.' J."1"'-'VY U'-'.&.Q'-.J)' 

occurring as a beach or coastal plain deposit; high 
degree of sorting and subrounded to rounded nature 
of the felsic grains indicates considerable degree of 
reworking by sea waves; fines that give the material 
its unusual color may be the result of washing down 
from overlying material or sedimentary deposition 
in seawater at a later date 
A poorly sorted, fluvial deposit of grains mechani
cally weathered from metamorphic formations; grains 
are not yet reduced to monomineralic composition 
and have been transported only a short distance be
fore being redeposited 
A glaciofluvial deposit of moderately sorted mate
rials; origin is primarily metamorphic; probably 
laid down as an esker or kame-like formation 
A glaciofluvial deposit of metamorphic and igneous 
grains, some being monomineralic; deposit occurs 
in post-Laurentide glacier sediments laid down ap
proximately 10,000 years ago 



Lateral Thrust in Frozen Granular Soils 
Caused by Temperature Change 
J. T. LABA, University of Windsor 

Frozen soil containing ice, when subjected to a temperature rise, will 
exert pressure against confining boundaries. The object of this in
vestigation was to measure the expansive force of sand-ice speci
mens exerted on retaining boundaries under conditions approaching 
those in a fully restrained frozen sand layer. Two different sands 
made into 140 specimens composed of either sand and a variety of 
ice contents were included in the program. The strain in the frozen 
soil was measured by means of bonded resistance strain gages em
bedded in the sand-ice system. 

The pressure (a) exerted by the frozen sand was found to be a func
tion of five variables: the initial sample temperature, T 0 ; the rate 
of increase of the sample's temperature, e; time of temperature in
crease, t; initial porosity of the soil, n; and degree of ice satura
tion, Si. Experimental results, when plotted in the form of pressure
time curves, showed the same tendency for every curve to attain its 
maximum after a certain time and then decrease to zero. The values 
of maximum pressure, a max, and the required time, tm, to reach this 
pressure were measured for each experiment, and graphs were drawn 
showing the influence of the parameters (T0 , e, Si, and n) on cr max 
and tm. 

Summarizing the experimentally obtained results, general equa
tions were derived for the following: (a) pressure-time curves, 
(b) values of maximum pressure developed by sand-ice layer, and 
(c) period of time required bythe sand-ice layer to reach its maxi
mum pressure. 

•IN NORTH AMERICA in areas having a moderate climate, during the winter the top 
foot or more of soil is frozen. Frozen soil containing ice, when subjected to a temper
ature rise, will exert pressure against confining boundaries. At present, very little is 
known about the magnitude of this pressure. 

The object of this investigation was to measure the lateral expansive force exerted 
by frozen sand samples on retaining boundaries under conditions approaching those in 
a fully restrained frozen sand layer. This knowledge, in turn, can be applied to the 
frozen sand stratum in nature if the penetration of the temperature wave from the sur
face into the soil-ice system is known. 

THE SOIL 

Two different sands were used in the experimental investigation. Sand No. 1 was a 
crushed uniform sand from Ottawa, Illinois (uniformity coefficient 1.5); sand No. 2 was 
a natural, well-graded sand from Paris, Ontario (uniformity coefficient 3.8). The grain 
size distributions are shown in Figure 1. The soil specimens tested were composed of 
either of the sands and a variety of ice contents. 

Paper sponsored by Committee on Frost Action and presented at the 49th Annual Meeting. 
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Figure 1. Grain size distributions. 

APPARATUS 

Following the idea originated by Will
mot (1), the apparatus (Fig. 2) consisted 
of a steel cylinder with a cylindrical rub
ber diaphragm positioned inside and 
sealed inside to both ends of the steel 
cylinder. The small void between the 
Ya-in. thick diaphragm and cylinder was 
filled with oil and connected to a hydrau
lic pressure pump so that the oil pres
sure could be applied through the dia
phragm to the specimen to provide any 
<lesired amount of restraint. The oil 
pressure was measured by means of an 
external pr essur e test gage connected to 
the pressure line. Horizontal strain in 
the frozen sand was measured with BLH 
Type A- 9 bonded resistance strain gages 
embedded in the sand and connected to 
the SR- 4 Type N strain indicator by 
means of the switching and balancing 
unit. 

To increase the bond between the 
frozen soil and strain gages, the latter 
were coated on both sides with Eastman 
910 adhesive cement and then covered 

v:ith particles of sand. To compensate for the effect of te111pe1 .. ature changes on the 
strain measurements, a "dummy" gage was used; it was loosely attached to a flat con
crete bar and buried in a box containing dry sand of the same type as the specimen be
ing investigated. For each experiment the thickness of the sand cover over the dummy 
gage was adjusted so that the strain gage was always exposed to the same temperature 
environment as the "active" gage, but isolated from mechanical strain. 

...J 

"' "' I-
t/I 

• 

0

RUBBER " RING 
: . : ... . - ': :-1 

RUBBER OIAPHRAGM 

-<»->--- - - --+----10' DIA-·-· _ _:__-1-41:~~?-'::>!7-t--~ 

"""'r: :-. ~ . . . 

.. ' ' 

MEMBRANE • 

DISK 

Figure 2 . Steel cylinder with rubber diaphragm. 

"' 
~ 
I!) 
z 
0 

"' "' ...J 
m 
:c 
I-
i 



29 

The steel cylinder of the apparatus was insulated all around except for the top sur -
face of the sample, which was open to the atmosphere, so that the heat flow from the 
air into the sand-ice system followed the pattern existing in nature. 

PREPARATION OF SAMPLES 

The sand-ice specimens were prepared as follows. A known weight of dry sand and 
required amount of water were thoroughly mixed together to give the desired ice con
tent or degree of ice saturation. The prepared soil was placed in the hollow core of the 
apparatus and gently compacted to form a 9%-in . diameter and 4-in. high sample of a 
certain void ratio. Two 6-in. long strain gages (previously described) were placed 
horizontally, halfway down the sample's depth, symmetrically about the specimen's 
centroidal axis. In a large number of samples, two BLH Type A-9-4 vertical gages 
were also installed to measure the vertical displacement of the frozen sand. 

The temperature of the sample was measured by means of four copper-constantan 
thermocouples placed in the specimen at three different levels and connected to the 
potentiometer through a multipolar rotary switch. One thermocouple was located % in. 
below the top surface, two were placed at a 2-in. depth (one at the center and the other 
1 in. from the side of sample), and the fourth was embedded % in. from the bottom. In 
addition, a fifth thermocouple recorded the air temperature above the sand-ice speci
men, and a sixth measured the sand temperature around the dummy gage. 

On completion of sample preparation, the apparatus was placed in the freezing cham
ber where the specimen was frozen. Before it was tested, the frozen sample was left 
in a selected constant temperature (referred to as initial temperature) for not less than 
24 hours to ensure uniform temperature distribution. 

TEST PROCEDURE 

The test method consisted of zeroing the strain bridge with the frozen soil at a con
stant initial temperature and then raising the soil temperature at a desired rate while 
simultaneously applying and measuring the resisting radial pressure required to pre
vent the soil-ice system from expanding. The rate of the sample's temperature in
crease was controlled by the forced flow of air of the desired temperature above the 
frozen specimen's top surface. The source of heat was provided by a remote-controlled 
heating element augmented by heat reflecting plates and air fan placed inside the freez
ing chamber. More than 140 specimens were included in the program, with starting 
temperatures of O, 10, 20, 25, and 30 F subjected to a constant rate of temperature 
increase of either 3, 6, or 9 F per hour. 

During the course of the experiment, the heat flow in the soil progressed from the. 
top surface toward the bottom; therefore, the representative temperature of the speci
men for plotting and comparing purposes was assumed to be the average temperature 
existing at the mid-height of the soil sample. The temperatures, although observed 
continuously, were recorded every 5 min at the same time that the applied pressure on 
the sample was adjusted. 

After completion of each test, the specimen was unloaded and allowed to recover at 
31.5 F for a period of 36 hours before being used again. No more than three tests were 
performed on each sample; this was sufficient to complete a set of experiments com
prised of three different constant rates of temperature increase, starting from the same 
initial temperature. 

TEST RESULTS 

The pressure, cr, exerted by the soil-ice system was investigated as a function of 
the following five variables: initial sample temperature, T 0 ; rate of increase of the 
sample's temperature, 0; time of temperature increase, t; initial porosity of the soil, 
n; and degree of ice saturation, Si, or ice content, i. 

The first set of experiments consisted of 60 tests performed on 20 sand-ice speci
mens of sand No. 1, all with a constant initial soil porosity of 46.6 percent. The se
lected ice contents of 10, 15, 25, and 30 percent corresponded to ice saturation of 
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Figure 3. Pressure-time curves for temperature rise of 6 F per hour and 33.3 percent ice 
saturation from the indicated initial temperatures. 

33.3, 50, 83.3, and 100 percent. It has been indicated by Tsytovich (2) that, in granular 
soils, unfrozen water content is negligible; therefore, the ice content in each frozen 
specimen was assumed to be equal to its water content before freezing took place. De
gree of ice saturation, however, was based on 9 percent volume expansion of the pore 
water upon freezing. 

Figures 3, 4, and 5 show the relationships among the average pressure exerted by 
frozen samples and the time for 9 = 6 F per hour and different values of T 0 and Si. The 
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results from all experiments show the same tendency, i.e., all pressure-time curves 
tend to attain their maximum after a certain time and then decrease to zero at the time 
required for the sample's average temperature to reach about 30 to 32 F. The shape 
of the pressure-time curves reflects the different stages of creep to which each sample 
has been subjected, until the time when destruction of the crystalline structure takes 
place. 

For each pressure-time curve, the relationship between pressure and time can be 
approximated by -Eq. 1 (see broken lines in Figs. 3, 4, and 5). 

where 

A = coefficient, psi/min; 
t = time, min; and 

cr = At exp (-t/tm) 

tm =time required to reach maximum pressure, min . 

From Eq. 1 it follows that 

cr max = 0.3679 A tm 

(1) 

(2) 

Because the values of maximum pressure, cr max, and the required time to reach 
this pressure, tm, were measured for each experiment, it was possible to plot the in
fluence of the previously mentioned parameters (T0 , e, Sj_) on a max and tm· The re
sults obtained are shown in Figures 6 through 10 and lead to the following conclusions: 

1. The maximum pressure increases with an increase in the rate of temperature 
rise and also with an increase of ice saturation, but decreases with an increase in the 
initial temperature of the sample. 

2. The time required to reach maximum pressure decreases with an increase in 
the rate of temperature rise and also with an increase of the sample's initial temper -
ature, but increases with an increase in ice saturation. 

It can also be observed that, for conditions indicated in Figures 8, 9, and 10, the 
maximum pressure is directly proportional to the ice content or degree of ice satura-
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tion of the frozen sand. The validity of this observation was confirmed by more than 
50 additional experiments conducted on the sand-ice specimens where the experimental 
procedure was reversed, i.e., the degree of ice saturation was kept constant while the 
soil porosity varied. 
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Figures 11 and 12 show the influence of porosity on the maximum pressure for two 
different degrees of ice saturation (Sj_ = 50 percent and Sj_ = 100 percent) for both sands 
No. 1 and No. 2. The straight-line relationship is visible, and each line when extended 
to n = 0 passes through the origin. 

It is also evident that both sands, when tested under the same conditions of porosity, 
saturation, initial temperature, and rate of temperature change, develop almost the 
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same values of maximum pressure. This leads to the conclusion that the pressure de
veloped by the sand-ice system is practically independent of the sand's gradation and 
particle shape. Taking into consideration that the average coefficient of thermal ex
pansion of the sand particles is about three times smaller than that of ice, it is not sur
prising that the expansive behavior of the sand-ice system is governed by its ice com
ponent. 

A number of check tests were run on frozen samples to determine the reproducibility 
of the apparatus and technique. In general, the average deviation in the maximum pres
sures for duplicate tests on a given sample was about 6 percent. Much larger varia
tions (an average of 18 percent) were found in the maximum pressures reached by the 
reproduced equivalent sand-ice samples tested under the same conditions. The largest 
deviations were usually shown by specimens having high initial temperature (T 0 = 30 F) 
where the small difference in applied pressure (i.e., 0.5 psi) could change the value of 
maximum pressure by 50 percent or more. 

The values of maximum pressure developed by a confined sand-ice system (Figs. 
6 through 10) can be expressed by the following empirical equation: 

cr max = 46~6 [0.475 Si (1 - T 0 / 30) em + CJ 

where 

cr max = maximum pressure, psi; 
m = 0.225 + 0.00075 Si; 
C = 0 for T 0 :s: 25 F; 

(To - 25) a Si 
C = 

2500 
for25F :s: T0 :s: 30 F; 

n = sand porosity, percent 
Si = degree of ice saturation, percent; 
a = rate of sample's temperature increase, deg F per hour; and 

T 0 = initial sample temperature, deg F. 

(3) 
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where, 

for T
0 

$: 20 F, 

K = 4.95 - 0. 11 T 0 , 

L = - (0.076 - 0.015 T 0 / 20 ), and 
p = - (0.06 + 6.5 T 0 / l,500); and 

for 20 F $: T 0 $: 30 F, 

K = 6.9 (1 - T0 / 31.8), 
L = - (0.183 - 0.0061 T 0 ), and 
p = - (0.113 + T 0 / 750). 

Good agreement between values 
calculated from Eq. 3 and those 
obtained from the experiments can 
be seen in Figures 11 and 12. The 
broken lines representing Eq. 3 
are almost the lines of best fit for 
experimentally obtained values of 
maximum pressure. 

Figure 13 shows the relation
ship between maximum pressure 
and porosity for fully saturated 
sand-ice specimens. The solid 
portion of the straight lines indi
ealei:; the porosity range in which 
sands can be found in nature. When 
projected to n = 100 percent, the 
lines point to maximum pressure 
exerted by pure ice. It is of in
terest to mention that the magni
tude of ice pressures so indicated 
came close to results r epor ted by 
Monfore (3), who investigated pure 
ice samples subjected to uniaxial 
restraint only. 

The period of time required for 
a 4-in. thick frozen sand-ice layer 
to reach its maximum pressure 
can be obtained with relative ac
curacy from the following empiri
cal equation: 

(4) 

Equation 4 summarizes results shown in Figures 6 through 10 and also includes the ef
fect of soil porosity on the time, tm, required for a given sand-ice sample to reach its 
maximum pressure. 

To simplify Eq. 4, the relationship between porosity and tm for given constant values 
of Si, T0 , and 9 was approximated to be a straight line. Because the porosity range 
in whidt all i:;andi:; in nature are found is very small (n = 29 to 50 percent), the resulting 
error from the above approximation is negligible. Unlike Eq. 3, Eq. 4 cannot be ex
tended to predict the behavior of pure ice specimens. 

The pressure exerted by the sand-ice system at any selected time after the increase 
in temperature took place can be calculated from Eq. 1 by substituting a max/0.3679 tm 
for coefficient A. 
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CONCLUSIONS 

It is beyond the scope of this paper to discuss the magnitude of lateral thrust that 
can be developed by a frozen sand layer under all possible conditions oflateral restraint. 
However, the values of maximum pressure calculated from Eq. 3 could give some guid
ance to practicing engineers. Being derived under the most severe conditions of full 
radial restraint, they are in this respect the maximum pressures that the frozen sand 
layer can exert on rigid retaining structures. 

The temperature of the sand-ice system at the time when it begins to be subjected to 
temperature increase is of great importance. At a high initial temperature of 30 F, a 
frozen sand layer will exert lateral pressure approximately 50 times smaller than when 
it is at 0 F. 

Ice saturation in frozen sand is one of the major factors influencing the resultant 
magnitude of lateral thrust developed by sand-ice specimens. At a constant porosity, 
the relationship seems to be linear, with the slope of the straight line being determined 
by the rate of temperature change and the initial temperature of the sample. 

Two different sands, having the same porosity and degree of ice saturation and also 
conditioned to the same initial temperature, developed almost the same maximum pres
sure when subjected to the same rate of temperature increase. Therefore, it would ap
pear that the maximum pressure that a sand-ice system can develop is independent of 
the sand's particle shape, size, and gradation. 
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Quantitative Characterization of Cyclic 
Freezing and Thawing in Stabilized 
Pavement Materials 
M.R. THOMPSON and B.J. DEMPSEY, University of Illinois 

Frost action parameters (cooling rate, freezing temperature, duration 
of freezing, warming rate, thawing temperature, and duration of thaw
ing) for a typical pavement section with a stabilized base course were 
developed for 30 years of climatic data for five separate locations in 
lilinois. AU calculations were accomplished with the multilayered 
pavement heat-transfer model developed at the University of Illinois. 
An ideali zed freeze- thaw cycle was established for analysis purposes. 
The frost action parameter data showed substantial variability as re
lated to the effects of geographical location, year, and month. Com
parisons of the data with the standard ASTM and AASHO freeze-thaw 
testing procedures indicated that the standard procedures did not ade
quately simulate field service conditions in Illinois. The substantial 
discrepancies between test and field conditions present just cause for 
careful scrutiny of the standard test procedures and the interpretation 
nf tht> t1><>t """'"lt·" H i." <>nn<>"f't>nt f"f'nni tht> """'"lt" nf thi" <>tnrlv th!>t ...... ... - ........ --.. ................... -........... -- ....... -rr- ............................................... - ........ - ............. _ ..... ..... .... ... - -J - - --

more realistic and rational freeze-thaw durability testing procedures 
should be developed for stabilized materials. Appropriate frost action 
parameter data, similar to those generated in this study, should be con
sidered in the development of such improved testing procedures. 

•STABILIZED MATERIALS such as soil-cement, lime-fly ash aggregate mixtures, 
and lime-soil mixtures are used extensively as base and subbase layers in pavement 
construction. In the areas where frost action occurs, these materials must retain 
their integrity and maintain adequate r esidual strength at all times in order to provide 
adequate structural performance. Repetitive cycles of freezing and thawing are de
trimental , particularly as related to volume change and strength loss. 

To achieve maximum efficiency in mixture design and pavement analysis, it is es
sential to properly assess the freeze-thaw action that the pavement system and s tabilized 
materials will experience during the service life of the pavement. The ASCE Com
mittee on Structural Design of Roadways (1) has recently emphasized the inadequate 
attention generally given to environmental-variables during the pavement design process. 
The extreme variability of climatic factors as related to geographical location and time 
(year to year and within year ) must be taken into account. It is also desirable to have 
the capability of evaluating the effect of other important factors such as thickness of 
various pavement l ayers and thermal and physical properties of constituent materials. 

CURRENT PRACTICE 

Freeze-thaw testing is currently considered in the design of soil-cement and lime
fly ash aggregate mixtures. The suggested test procedures, as outlined in ASTM D 500-
57 (AASHO T 136-57) and ASTM C 593-66T, are quite similar. Twelve freeze-thaw 
cycles are required. Freezing is at < -10 F for 24 hours and thawing at 70 F for 23 
hours in both procedures. 

Paper sponsored by Committee on Frost Action and presented at the 49th Annual Meeting. 
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Packard and Chapman (2) indicate that in the standard tests "8 hours at most are 
required to bring the specimen's temperature (interior) to -lOF." This corresponds 
to a rate of cooling of 10 F per hour. According to Norling (3), "The number of cycles 
of testing and their duration was evolved by exploratory tests-on freezing temperatures, 
freezing time, drying time, and soaking time. Twelve cycles for each test produced 
interpretable data and also met the requirements of a practical time limit." 

Thompson (4) has proposed a mixture design procedure for lime-soil mixtures that 
considers freeze-thaw action. However, no standard freeze-thaw test procedure has 
yet been developed by ASTM or AASHO for lime-soil mixtures. 

There is a dearth of factual information concerning the nature of the freeze-thaw 
action that occurs in field pavement systems. It is not surprising that current labora
tory testing procedures and techniques are quite empirical in nature and are not as
sumed to be truly representative of field service conditions. Mielenz (5, p. 32), in a 
paper concerning the accelerated durability testing of concrete, stated:-

The value of any accelerated test lies in the degree to which the service condition is simulated 
and the extent to which the physical, chemical, and mechanical responses of the concrete in the 
service condition are reproduced in the method of test. Any substantial departure from reality 
in these respects is likely to produce erroneous decisions in the approval or rejection of the pro
posed concrete mixture or the treatment that is under investigation. 

Cordon (6), in his ACI Monograph on freezing and thawing of concrete, suggested, 
"Where specific materials are being considered for a particular structure ... it may 
be desirable that freezing and thawing tests simulate actual field exposure." 

It is apparent that the freeze-thaw environment must be quantitatively characterized 
if pavement service life and performance are to be adequately predicted. This paper 
describes the use of a theoretical heat-transfer model for developing such quantitative 
data. 

HEAT-TRANSFER MODEL 

There are a large number of variables that influence freeze-thaw action in a pave
ment system. It is prohibitive and impractical to gather field data in the hope of quan
titatively characterizing freeze-thaw action (7). The only realistic procedure that can 
be used to develop sufficient data for characterizing frost action is the development of 
a model that accurately simulates the temperature regime in a pavement system. In
put data for the model should consist of pertinent past climatic data (maximum and 
minimum daily air temperature, percentage of possible sunshine, and average daily 
wind velocity) and appropriate parameters for describing the pavement section and its 
constituent materials. utilization of the model to analyze several years of past cli
matic data would provide a sufficient quantity of information for adequately characteriz
ing the frost action in a pavement system. 

A heat- transfer model with the capabilities described has been developed and veri
fied at the University of Illinois. Model development and details have been presented 
elsewhere (2). 

CYCLIC FREEZE-THAW 

Considerable study has been devoted to the mechanism of frost action in concrete. 
These studies, recently summarized by Kennedy (8), have resulted in the development 
of theoretical models for explaining the behavior Of freezing cement paste. 

The theoretical models, as well as experimental data, suggest that the rate of 
freezing is a significant factor affecting deterioration due to hydraulic pressure. The 
length of time the concrete remains frozen and the temperature to which it is frozen 
relate to the extent of deterioration associated with development and growth of ice 
bodies within the cement paste. 

Because of the similarity in the nature of the cementing products (primarily hy
drated calcium silicates and calcium aluminates) in concrete, soil-cement, lime-fly 
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Figure 1. Idealized freeze-thaw cycle. 

ash aggregate, and lime-soil mixtures, it is probable that the theories relating to 
cement paste would also be qualitatively applicable for other materials. 

Based on the available theories for explaining frost action in concrete, the idealized 
freeze-thaw cycle shown in Figure 1 appears to include all the pertinent features of 
importance as follows: 

1. Cooling rate, 
2. Freezing temperature, 
3. Duration of freezing temperature, 
4. Warming rate, 
5. Thawing temperature, and 
6. Duration of thawing temperature. 

Items 1, 2, and 3 are the most significant features relative to cyclic freeze-thaw 
damage. 

2 in. 

8 In. 

Asphaltic Concrete 

r • 148 er 

Stabilized (cement or llme-flyosh) Base 
Material Stabilized: A-1-b (o) 

YD: 133 pcf 

A-6 SubQrade Soil 
YD: 110 pcf 

Figure 2. Pavement section analyzed. 

The quantitative parameters 
for the idealized cycle, for a 
given point in the pavement sys
tem, would vary depending on 
geographical location, month of 
the year during the freezing period, 
and the year. 

A freeze-thaw history for a 
given point in a pavement could 
be simulated by (a) developing an 
idealized freeze-thaw cycle for 
each freezing month for each year 
of available climatic record, and 
(b) determining how many freeze
thaw cycles occurred during the 
month . Statistical analyses of the 
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data would provide satisfactory information for quantitative characterization of the 
freeze-thaw environment. The data would be invaluable as input for laboratory testing 
procedures where it is desirable to simulate field conditions. 

DATA DEVELOPMENT 

The typical pavement cross section shown in Figure 2 was analyzed using the heat
transfer model. The typical section is characteristic of the type used for local and 
secondary roads in Illinois. 

Only the data for the freezing months (October to March) were used. Thirty years 
of climatic data (1918-1947) were analyzed for five locations in Illinois (Chicago, 
Moline, Springfield, East St. Louis, and Cairo). These stations provide excellent 
north-south coverage of the state. The basic temperature trends in Illinois are from 
nort.h t.o south. 

Statistics, based on 30 observations , for the mean values of the various segments 
of the idealized freeze-thaw cycle (Fig. 1) are presented in Table 1. The statistics 
are for node 3, which is located 4 in. beneath the surface of the pavement and 2 in. 
below the surface-stabilized base course interface. Node 3 conditions are considered 
to be representative of the more intensive frost action occurring near the upper surface 
of the stabilized base course. 

DATA ANALYSIS 

Table 2 gives mean values based on 30 years of data for all months (October to 
March) by station and by month. Grand mean values, based an all the data, are also 
given in Table 2. 

The frost action parameters for the five stations were compared statistically to 
determine if there were significant differences. HeFmlts of the analysis indicated the 
following: 

1. There was a statistically significant (a = .01) difference for all of the frost 
action parameters relative to the influence of months. Thus, the parameters are not 
the same for all of the months (October to March). 

2. There was a statistically significant (a = .01) difference for all of the frost 
action parameters relative to the influence of station (location in Illinois). Thus, the 
frost action parameters are not the same for the various Illinois locations. 

TABLE ' 
He•n V•lu1H for Fr o!o l Ai;.ti0f1 P• r•mrteri.-Ste1i on and l'lonfh Erfecl!o 

'"'"•' Act l (.'ll"I '•'41'11f' t<"r 

Effec t'!> oal lt\g Rah'. tel°" Fcu1rrig T. Dur•tion of Warming !late , Aboo Fun Ing T • Di.trailon ol No. of F-T ., ,, o, Fr~eiino . 4-"I OF'/hr ., Th.-.iina d•v1 r .... 1 ... 1--1h 

~ 

Chiu1go 0,326 28,20 1. 12 0.534 41.74 19 . 42 1.85 

110\ ine 0.338 27,79 1. 39 O.SSJ -41,63 18, 79 1.99 

Springfield O,J8J 28, 79 0 , 59 o.632 44,54 22.45 I .JO 

E. "· Loui 0,415 29 40 0 " 0,695 41,59 25.75 0.57 

C• lro 0 . -481 29 . 82 0.01 0.8oJ 50,59 28.48 O.JO 

~ 

October 0.583 30 , 00 o.o o.96s 62,62 JO.JI o.o 

No1t1..-nber 0.40 1 29,63 0 .04 0,625 47 ,68 29.21 o.06 

DPcelhber 0.244 28,07 '·""' 0.391 38,04 17 . 66 2.29 

J•n1.1•ry 0.254 26,89 1.84 o.408 JS, 71 IJ,Jl J, 19 

Febru41r-y O,J21 28,22 1, 18 0.538 JS ,59 18,08 1,45 

fYrcn 0.528 HI, 78 0.07 0.931 48,,l 29,22 0.2J 

~ 0.389 28,80 0, 70 o.64.1 45,22 22 .98 1,20 



Although significant statistical differences were detected, a careful study of the 
data in Table 2 indicates that the mean values for many of the various frost action 
parameters fall within a rather limited range. 

DISCUSSION OF FINDINGS 
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Frost action parameters are quite variable as indicated by the data presented. It 
is apparent that adequate simulation of frost action in a pavement system requires 
careful consideration of many factors. Such factors should include geographical loca
tion, time (month and year), and the nature of the pavement system (material properties 
and layer thicknesses). 

Comparisons of typical data in this paper with the cooling rate, below freezing tem
perature, duration of freezing, and number of freeze-thaw cycles used in the standard 
ASTM and AASHO freeze-thaw durability test procedures show that the procedures are 
not reasonable simulations of the frost action that occurs under field conditions. For 
example, the following differences were noted: 

1. The cooling rates are an order of magnitude higher than field cooling rates. 
2. The 12 freeze-thaw cycles prescribed in the standard test may be exceeded 

quite frequently in many locations. At Moline and Chicago, for example, more than 
12 freeze-thaw cycles will occur annually 50 percent of the time. 

3. The data for the northern stations (Chicago, Moline, and Springfield), where 
freeze-thaw durability is of prime concern, indicate that the average duration of freez
ing is substantially longer than the 24 hours used in the standard tests. 

4. Average freezing temperatures for the state (range of 24.5 to 27.4 F) are sub
stantially higher than the < -10 F required by the standard ASTM or AASHO procedure. 

Although no one has claimed that the standard AASHO and ASTM tests truly simulate 
field conditions, the substantial discrepancies between test and field conditions are just 
cause for careful scrutiny of the procedures and the interpretation of the test results. 
The major advantage generally cited for using the standard test is that a substantial 
body of field experience and performance data has been gathered and correlated with 
results obtained for the standard testing procedures. Although soil-cement has a long 
service record, some of the newer materials (lime-fly ash aggregate and lime-soil 
mixtures) have service records of limited length, especially in the northern area of 
the United States where freeze-thaw durability is a major consideration. The empirical 
nature of the standard test is obvious. 

With the increasing interest displayed in stabilized materials and their effective and 
economical use in pavement construction, it would seem appropriate to pursue the de
velopment of more realistic and rational freeze-thaw durability testing procedures and 
criteria. The data presented in this paper and similar data that can be generated by 
the heat-transfer model provide the basic information required to develop improved 
durability testing procedures; such data were not previously available. 

It should be emphasized that, even though all of the frost action parameters were 
statistically different for the various months and locations studied, practically speaking 
the ranges of the average values were quite small for some of the parameters. An ex
tensive laboratory testing program is currently being conducted at the University of 
Illinois to determine if, for the range of values observed, the freeze-thaw durability 
of typical stabilized materials (lime-fly ash aggregate, soil-cement, and lime-soil 
mixture) is significantly influenced by the magnitude of the various frost action param
eters. A sophisticated automatic freeze-thaw cabinet has been developed for use in the 
study. The cabinet can be programmed to accurately control both the top and bottom 
temperatures on a specimen, and either a closed or open system moisture condition 
can be provided. Results from the testing program will be used to determine whether 
constant or variable frost action parameters should be used in freeze-thaw durability 
testing. 

Ultimately, a detailed testing procedure, based on heat-transfer model data and 
laboratory test results, will be proposed. The procedure should much more accurately 
simulate field conditions than any present procedure. 



44 

ACKNOWLEDGMENTS 

This study was conducted as a part of the Illinois Cooperative Highway Research 
Program Project IHR 401, Durability Testing of Stabilized Materials, by the staff of 
the Department of Civil Engineering in the Engineering Experiment Station, University 
of Illinois, under joint sponsorship of the Illinois Division of Highways and the U.S. 
Department of Transportation, Federal Highway Administration, Bureau of Public 
Roads. 

The opinions, findings, and conclusions expressed in this report are those of the 
authors and not necessarily those of the State of Illinois, Division of Highways, or the 
Bureau of Public Roads. 

REFERENCES 

1. Problems of Designing Roadway Structures. The Committee on Structural Design 
of Roadways. ASCE, Transportation Engineering Journal, Vol. 95, No. TE2, 
May 1969, pp. 289-315. 

2. Packard, R. G., and Chapman, G. A. Developments in Durability Testing of Soil
Cement Mixtures. Highway Research Record 36, 1963, pp. 97-122. 

3. Norling, L. T. Standard Laboratory Tests for Soil-Cement-Development, Purpose, 
and History of Use. Highway Research Record 36, 1963, pp. 1-10. 

4. Thompson, M. R. Mixture Design for Lime-Treated Soils. Civil Engineering 
Studies, Highway Engineering Series 22, Illinois Cooperative Highway Research 
Program, Series 94, Univ. of Illinois, January 1969. 

5. Mielenz, R. C. Significance of Accelerated Durability Tests of Concrete. Highway 
Research Record 268, 1969, pp. 17-34. 

6. Cordon, W. A. Freezing and Thawing of Concrete-Mechanisms and Control. Iowa 
State Univ. Press , American Concrete Institute Monograph 3, 1966. 

7. Dempsey, B. J ., and Thompson, M. R. A Heat-Transfer Model for Evaluating Frost 
Action and Temperature Related Effects in Multilayered Pavement Systems. 
Unpublished. 

8. Kennedy, T. W. Mechanisms of Concrete Scaling. Dept. of Civil Engineering, 
Univ. of Illinois, PhD dissertation, 1965. 



Low-Temperature Effects on the Compaction and 
Strength of a Sandy Clay 
W. H. RIGHTER, A. G. ALTSCHAEFFL, and C. W. LOVELL, JR., 

Purdue University 

With the feasibility of increased cold-weather earthwork as a 
practical motivation, the compaction and strength characteris
tics of a sandy clay were studied in the laboratory over a tem
perature range of 35 to 85 F. The soil was compacted with 
the Harvard miniature device at three effort levels and at four 
water contents matched to each level. The experimental pro
gram followed a statistical design and the data were interpreted 
in accordance with a fixed-effects analysis of variance model. 
Six dependent variables were considered: dry unit weight, un
confined compressive strength; axial strain at peak strength, 
initial tangent modulus, secant modulus to peak str.ess, and 
secant modulus to one-half the peak stress. An analysis of 
variance was performed to determine which independent vari -
ables (compaction effort, compaction temperature, testingtem
perature, and water content) and interactions were significantly 
related to each dependent variable. 

It was found that the strength and stiffness of soil tested at 
one temperature but compacted at different temperatures in
creased with increasing compaction temperature. For soil 
compacted at the same temperature, the strength and stiffness 
increased with decreasing test temperature. Low-temperature 
compaction is approximately equivalent to reducing the effective 
compactive effort, and consequently it may be possible to com
pensate for the temperature factor by increasing the effort 
level of field compaction. The available evidence suggests 
there is no major deterrent to the compaction of clayey soils 
in a cold, but unfrozen, condition. 

•UNTIL RECENTLY, cold-weather earthwork was strictly avoided in highway con
struction. The required technology was recognized to be more complex and costly in 
the winter, and it was presumed that these factors were more important than the bene
fits that could be derived from earlier completion dates and continuous use of construc
tion forces. 

As the need for modern highway facilities has grown, limited exceptions to the cold
weather shutdown have occurred and a state of the art has begun to develop (1, 2). Most 
of the initiative has been exercised in regions where the length of the cold season is 
the greatest, and accordingly, most restrictive. However, the feasibility of"stretch
ing" the construction season is also of growing interest where the winters are relatively 
mild. 

In general, it is not advisable to place frozen materials in subgrades or embank
ments. On the other hand, moist soils are difficult to freeze because of their high heat 
capacity, and it may be entirely practical to (a) strip off a frozen crust; (b) excavate 
the underlying cold, but unfrozen, soil; and (c) haul, spread, and compact it prior to 
any freezing induced by the exposure. Operations of this sort are not envisioned in the 
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normal specifications and standards of state highway agencies and cannot be under
taken with confidence until a number of questions have been answered by means of lab
oratory experimentation and field experience. Some of the more obvious questions 
relate to the effect of low temperatures on the compaction process and the post
compaction soil response at low, as well as normal, temperatures. 

If the effects of low-temperature compaction are minor or if they can be compen
sated for with reasonable economy, it may soon become conventional to schedule cer
tain earth-moving activities in the cold season. For example, in embankment con
struction, efforts can be areally concentrated to minimize the problems of soil freezing 
before compaction. 

The purpose of this research was to contribute experimental evidence that would 
help to define more clearly the feasibility of cold-weather earthwork. 

LITERATURE REVIEW 

For the purposes of this paper, evidence accumulated by previous investigators may 
be conveniently subdivided into two categories: the effect of temperature on compac
tion and the effect of temperature on post-compaction strength characteristics. 

Available evidence is in agreement on the effect of temperature on compaction. 
Hogentogler and Willis (3) showed that a decrease in compaction temperature will have 
the same general effect as a decrease in compaction effort; i.e., the maximum unit weight 
will decrease and the optimum moisture content will increase. This is the trend re
.ported by Johnson and Sallberg (4), Burmister (5, 6), Youssef and others (7), Laguros 
(8), and others. The t rend appears to exist for the temperature range of about 35 to 
100 F. A popular, if qualitative, explanation for the observations is one in which the 
water is viewed as a "lubricating agent". Lower temperatures increase the water vis
cosity and restrain the soil particle movements that are required to achieve close 
packing-. 

The conclusions with respect to strength characteristics are confounded by the fact 
that comparisons have been made between (a) soils compacted at a common tempera
ture and tested at different temperatures, and (b) soils compacted at different tempera
tures and tested at a common temperature. It is not always clear which comparison 
has be en made. 

From fundamental physicochemical considerations, Lambe (9) employed the Gouy
Chapman theory to predict that low temperatures should mean a thicker double layer 
and a more dispersed compacted clay soil fabric. Mitchell (10) used a somewhat more 
sophisticated approach to demonstrate that temperature may have no practical effect 
on the double layer thickness. 

Laguros (8) and Noble and Demirel (11) concluded that a decrease in compaction 
temperature 1all other factors constantfTe associated with a decrease in unit weight, 
degree of saturation, and undrained strength. A decrease in testing temperature (all 
other factors constant) is associated with an increase in undrained strength according 
to Mitchell (12) and Sherif and Burrous (13 ). Lambe (14) and Campanella and Mitchell 
(15) found that initial pore pressures aredecreased bya decrease in testing tempera
ture; the cooled samples should also experience lesser pore pressures during shear 
(12). Murayama and Shibata (16) and Noble and Demirel (11) report that clays are 
stiffer at lower testing temperatures. It is not possible to determine conclusively from 
the literature the effects of low temperature (compaction or testing) in-service on the 
strength response of compacted clays. 

EXPERIMENTAL PROCEDURES 

Sandy clays are fairly common in the northern portion of Indiana, where it is felt 
that cold-weather earthwork may be feasible. However, it was decided to procure such 
a texture with commercial products, rather than by sampling natural soils. Accord
ingly, Edgar Plastic Kaolin was combined with No. 285 crushed Ottawa sand in a weight 
ratio of 4 to 1. Table 1 gives pertinent indexes of the components and of the mix, while 
Figure 1 shows the cumulative frequency distribution of sizes. 



TABLE 1 

RESULTS OF INDEX TESTS ON THE CONSTITUENT SOILS 

Index Test 

Liquid limit (percent) 
Plastic limit (percent) 
Plasticity index (percent) 
Specific gravity of solids 
Clay size (percent) 

Edgar Plastic 
Kaolin 

60 
37 
23 

2. 60 
78 

aso percent kaolin and 20 percent sand. 

No. 285 
Ottawa Sand 

NP 
2.65 

55 
32 
23 

2.61 
63 
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The constituent:;; were mixed 
with water in a single-speed 
Porter mixer by procedures 
found to yield a nearly homoge
neous batch. Kneading compac
tion was accomplished with the 
Harvard miniature device at ef
forts thatproducedpeak densities 
of about 93, 95, and 98 percent of 
that produced by the standard 
test (AASHO T-99). This was 
accomplished respectively with 

the following combinations of layers, tamps per layer, and pounds of spring compres
sion: 5, 20, 20; 5, 20, 30; and 5, 25, 40. 

Compaction was performed under controlled temperature conditions. Compacted 
samples were extruded from the mold and placed in polyethylene sandwich bags. Sam
ples from a batch (as many as 30) were sealed in a common large polyethylene bag, 
which was then submerged in American White Oil (USP 31) during curing. A 5-day 
curing period was permitted at the temperature planned for strength testing. 

The selected curing time was based on evidence of a strength change after extrusion 
from the mold. It is believed that relief of the mold confinement allows some swelling 
of the sample, which in turn decreases the already negative pore pressures, especially 
near the sample boundary. The subsequent local increase in effective stress affected 
the undrained strength for a period of about 3 days. In this time, the transient pore 
pressure gradient apparently dissipated and the strength decreased to a constant or 
equilibrium value. 

After the 5-day cure, unconfined compression tests were undertaken at a constant 
rate of strain of 0. 03 in. per sec, again under controlled temperature conditions. 

100 

9Q 

80 aolin 

~ 
.~ 70 
Q) 

3r: 

>. 60 
.c 

1.0 0.1 0.01 0.001 0.0001 
Grain Diameter in mm. 

Figure I. Grain size distribution curves. 
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STATISTICAL ANALYSIS 

The analysis of variance (ANOVA) method was used to interpret the data. This 
method allows a total statistical variance to be reduced to its component parts. The 
fixed ANO VA Model I was applied to a complete factorial experimental design with partial 
nesting. The four factors (independent variables) studied were (a) compaction effort, 
(b) water content, (c) compaction temperature, and (d) strength testing temperature. 

The number of leveis of these factors were three compactive efforts, four water con
tents per compactive effort, three compaction temperatures, and three testing temper
atures. The numerical values of the temperature variables were 35, 55, and 85 F. The 
water contents were selected relative to the optimum value for a given compactive ef
fort and, accordingly, the water content factor was nested in compaction effort. Because 
of this nesting effect, factor b was tested for significance in the following combinations: 
lJ in a; \Jc in a; and bd in a; where be is an interaction of water content and compaction 
temperature and bd is the water content-testing temperature interaction. 

The statistical model assumes a completely randomized design. This condition was 
incompletely satisfied in the experimentation because it was not physically practicable. 
Accordingly, the mean square of the highest-order interaction (factors be in a for dry 
unit weight and factors bed in a for the other dependent variables) was substituted for 
the usual mean-square-of-error term in the F-ratio test for significance. 

The ANOVA procedure essentially tests a series of hypotheses concerning the equal
ity of certain mean values and variances between various cells of the statistical model. 
A Type I error, o: = 0.05, was used in this study. This error is the rejection of a cor
rect hypothesis; the o: value is then the probability associated with making the error. 

Six dependent variables were considered: dry unit weight, 'Ydi unconfined compres
sive strength, qu; axial strain at peak stress, E'fi initial tangent modulus, Mt; secant 
modulus to peak stress, Msp; and secant modulus to one-half the peak stress, Msp/2. 
An ANOV A was performed to determine which independent variables and interactions 
were significantly related to each dependent variable. 

Although the compaction temperature and testing temperature factors showed no 
significant effect on qu or Msp when considered separately, their interaction was sig
nificant. In such cases, Scheffe (17) concluded that there is a difference in the depen
dent variable, even though no difference is demonstrated when the effects of one factor 
are averaged over the levels of the other. 

RESULTS 

Tabie 2 gives the significance of each factor or factor interaction on each dependent 
variable. The compaction effort and water content are observed to have a significant 
effect on all dependent variables. It is felt that these factors operate directly on the 
dry unit weight and the compacted structure, and the latter, in turn, influences all other 
dependent variables. 

The compaction temperature had a significant effect on Yd , qu, q, and Msp· Again, 
the direct effect is on Yd and (probably) structure, and these subsequently influence 
the three strength characteristics. The experimental data (Fig. 2) suggest that it may 
be practicable to compensate for the apparently unfavorable influence of low compac
tion temperature by increasing the compactive effort. This will increase the as
compacted strength, but its effect on the swelling characteristics and soaked strength 
(for simulation of the service environment) needs to be established. 

The testing temperature had a statistically significant effect on qu and Msp. These 
variables generally increased with decreasing testing temperature, except that at the 
higher water contents the influence was usually quite small. Figure ::i shows selected 
levels of the data. 

The compaction effort-compaction temperature interaction significantly affected qu, 
E'f, and Msp· It was expected that this interaction would also affect 'Yd, but this was 
not verified statistically. However, as shown in Figure 4, small changes in unit weight 
and water content can substantially change the strength. 

The interaction of compaction effort and testing temperature had a significant effect 
on E'f and Msp· At a given compaction effort, Ef decreased and Msp increased with de-
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Figure 2. Effect of compaction temperature on moisture-density relationship. 
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Figure 3. Effect of testing temperature on unconfined compressive strength. 
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TABLE 2 

SIGNIFICANT FACTORS AND FACTOR INTERACTIONS 

Dependent Variables 

Independent Unconfined Variables and Dry Density Compression strain at Tangent 
Interactions (yd) strength Failure Modulus Secant to qu Secant to % / 2 

(qu f «rl (Mt) 

1 (compaction 
effort) s s s s s s 

2 in 1 (water 
content) s s s s s s 

3 (compaction 
temperaturei s s• s NS s• NS 

4 (tesU ng 
temperature) NC s• NS NS s• NR 

13 NS s s NS s NS 
14 NC NS s NS s NS 
23 in 1 NC NS NS NS NS NS 
24 in 1 NC NS s NS NS s 
34 NC s NS NS s NS 
134 NC NS s NS s NS 

Note: S- significant; NS-not significant: NC- not considered ; • -signi ficant because their interaction is significant . 
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COMPACTION TEMPERATURE • 55° ~ TESTING TEMPERATURE • 35 ° 7500 

92 ~ 7000 z 
'" 

91 ~ 6500 
~ Vl 
u. 
u 90 ~ 6000 
a. 

89 ~ 5500 
>-
~ 5000 u; ee § z 
LL.I 87 4500 
0 0 

>- 86 ~ 4000 
~ iI 
LI 8 es 3500 

~ 84 
23 24 25 26 27 28 29 23 24 25 26 27 28 29 
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0/ol WATER CONTENT (%) 

Figure 4. Density-moisture and strength-moisture relationships. 

creasing test temperature. This is probably caused by lower pore pressures andhigher 
effective stresses in the colder samples. 

The compaction temperature- testing temperature interaction was significant with 
respect to qu and Msp· For a given testing temperature, both dependent var iables in
creased with increase in compaction temperature; this is ascribed to the previously 
noted effect of unit weight. At a given compaction temperature, the dependent variables 
increased with a decrease in testing temperature, presumably due to lower pore pres
sures extant during the low-temperature shear testing. 

CONCLUSIONS 

Based on the variables and the selected levels of variables subjected to experimental 
examination, the following conclusions may be made: 

1. Low-temperature compaction reduces unit weight and as-compacted undrained 
strength. 
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2. Compacted samples are both stronger and stiffer when tested at low temperatures. 
3. It should be possible to compensate for low-temperature compaction effects by 

increasing the compaction effort. 
4. Physical explanations for the observed trends are probably seated in the factors 

of soil structure and pore water pressure. 
5. There seems to be no major deterrent to compaction of clayey soils in a cold, 

but unfrozen, condition. 
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