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This paper suggests that the soU property essentially de
termining frost behavior is pore-size distribution. The 
existing frost susceptibility criteria are, however, based 
on grain-size characteristics. 

On the basis of the field frost performance of 126 
Ontario highway subsoils, the reliability of seven existmg 
frost susceptibility criteria is analyzed. The results in
dicate the limitations of these criteria. A simple method 
IS developed to determine the pore-size distribution of 
soils, and a tentative frost susceptibility criterion based 
on this soil property is established. The reliability of 
this criterion appears to be more satisfactory than that 
of the existing criteria. The possibilities for further 
research work are indicated. 

•IT IS a generally observed fact that detrimental frost heaving and thawmg on highways 
IS caused by the formation of segregated ice within the subsoil. A soil that serves as a 
favorable medium for the development of ice segregation under normally encountered 
temperature and moisture conditions is regarded as "frost susceptible. " It is an essen
tial aspect of highway design to recognize and reject frost-susceptible soils. As a prac
tical tool for solving this problem, several frost susceptibility criteria have been pro
posed (1, 2) with the aim of predicting frost behavior on the basis of certain laboratory 
test results. The inadequacy of knowledge concerning frost action is apparent in that 
none of these criteria has proved sufficiently reliable in practice (3, 4). 

Almost exlusively, the existing criteria are based on grain-size characteristics. A 
study of the mechanism of frost action (5) has led the authors to the conclusion that 
pore size probably has a more significant bearing on frost action than grain size, or 
any other soil property. 

Significance of Pore-Size Distribution 
It appears that every essential factor in the mechanism of frost action is intimately 

related to pore size. It governs freezing point depression inasmuch as it constitutes the 
size restriction for the growing ice crystal, it reflects pressure effects, and it is a 
measure of the relative proximity of particle surfaces. The possibility of localized ice 
formation is determined by the relative distribution of pore sizes. Experiments have 
shown that the induced suction and the heaving pressures increase with decreasing pore 
size. The retardation of the ice front is essentially governed by pore restrictions. The 
ratio of free to bound water during freezing, and the drainage and stability conditions 
upon thawing depend on the sizes and distribution of the pores. All the potential compo
nents induced by freezing (capillary, suction, thermal, vapor-pressure, electrical, 
and osmotic potentials) appear closely related to pore size. It is the governing factor 
in the supercooling theory, considering either the nucleation temperature aspect or the 
relative freezing point depression. In the electro-osmotic theory, pore size indirectly 
controls the facility with \vhich the double layers are recharged, and thus the electro-
osmotic activity of the system. Finally, the basic soil properties apparently influencing 
the nature of frost action (such as grain size, suction, capillarity, and permeability) 
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are actually direct functions of pore size, even though these relationships cannot be 
mathematically expressed with sufficient accuracy. 

Although the basic importance of pore size in relation to frost action was originally 
pointed out by Taber U) and recently emphasized by Penner (6), no one appears to have 
attempted to express this soil property quantitatively and to include it in a frost suscep
tibility criterion. In an early paper Schofield (7) drew attention to the possibility of 
interpreting suction and, possibly, capillary moisture profile curves in terms of pore-
size distribution, and the same idea was later mentioned by Penner (8). 
Research Objectives and ^proach 

The primary objectives of the investigation described in this paper were to relate 
the field frost behavior of a number of soils to the established frost susceptibility 
criteria and to consider the possibility of correlating frost susceptibility with pore-size 
characteristics. 

The following specific approach was made: 
1. A number of soil samples were taken from highway locations in Ontario where 

frost damage had been ejqperienced, and the relevant data concerning the field perfor
mance of these soils (such as the extent of frost damage, moisture conditions, topo
graphy, and design features) were collected. 

2. On the basis of these data, the field frost performance was evaluated in the form 
of a simple "performance index" for each soil. 

3. The standard laboratory tests needed to apply the most widely used frost suscep
tibility criteria were performed. In addition, a method was developed, based on the 
active capillarity test, to obtain a quantitative assessment of pore-size characteristics. 

4. The soils were classified according to the different frost susceptibility criteria, 
and the relative reliability of these criteria was determined by comparing predicted 
performance with actual performance. 

5. The pore-size characteristics of the soils were related to their frost perfor
mance, and a tentative frost susceptibility criterion, based on pore-size character
istics, was developed and compared with the existing criteria. 

FIELD WORK 
Five highway sites were selected for the investigation. These sites included new 

and old, flexible and rigid pavement constructions, and also a site where the construc
tion had only reached the gradmg stage. A brief outline of the conditions is given in 
Table. 1. Pertinent information concerning physiographic data, general soils conditions, 
construction data and present pavement condition was obtained in each case through a 
study of the design documents and field observation. 

TABLE 1 
GENERAL CONDITIONS AT THE SELECTED SITES 

Site Type of Pavement General Physiography 

A 9-in. concrete, about Imperfectly drained clay, or 
25 yr old sandy loam outwash plain 

B Bituminous concrete. Till moraine and sand plain 
1 to 5 yr old 

C Road-mix pavement. Pre-Cambrian rock ridges 
20 to 25 yr old with little overburden 

D Vnpaved, under con Till plain with sandy loam 
struction 

E Bituminous concrete. Sandy loam outwash soil 
25 yr old 

Sandy loam outwash soil 
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At each of these sites, locations of apparent frost damage were selected and the sub
soil conditions studied. The general principle was to select places where the problem 
appeared to be due to soil conditions rather than to construction features such as cul
verts or transition points between cuts and fills. As is usually the case, most of the 
damage was observed in cuts and had been caused by in-situ frost susceptible soils 
that had not been removed to a sufficient depth. On the assumption that f i l l materials 
had been selected with at least some regard to frost action, a relatively large number 
of f i l l locations were chosen to include as many borderline soUs as possible. Care 
was talcen not to include cases where the pavement damage had been due to causes other 
than frost action. Any location where reasonable doubt arose concerning the origin of 
the damage was automatically excluded from the study. 

At each location, borings were performed with a power auger both inside and just 
outside the area of frost damage. The holes were drilled along the edge of the pavement 
to an average depth of 5 f t or to bedrock, the exposed soils were classified by inspec
tion and the log of holes recorded. The average number of boreholes was 4 to 5 per 
location. Soil samples were normally taken only from those layers that, by inspection, 
showed the possibility of supporting ice segregation (e.g., a clean gravel base or a 
coarse sand subbase would not be sampled.) The average weight of the samples was 
5 to 6 kg. The type and extent of frost damage, and the moisture and drainage condi
tions were also recorded to complete the case history records. 

The total number of locations and samples was as follows: 
Site No. of Locations No. of Samples 

A 10 56 
B 3 8 
C 7 23 
D 4 17 
E 6 22 

Total 30 T2E 

Evaluation of Field Frost Performance 
At a spot on the highway were frost damage had occurred, at least one of the subsoil 

layers could be regarded as frost susceptible. The nature of the prevailing moisture 
conditions (i.e., the position of the ground water table, surface and subsurface drain
age, etc.,) obviously affected the degree to which the soil factor was responsible for 
the damage. The worse these conditions were, the smaller part the soil factor played 
in causing the frost damage. For example, medium frost damage might have been 
caused by a combination of very poor drainage and slightly susceptible soil as well as 
by a combination of good drainage and highly susceptible soil. 

It at another spot, sufficiently close to the first one to warrant the assumption that 
the relevant moisture and temperature conditions were similar, there was no sign of 
frost damage, all subsoil layers within the depth of frost penetration could be regarded 
as nonsusceptible. 

Thus the two basic factors to be considered for the evaluation of field frost perfor
mance were the extent of frost damage and the nature of moisture conditions. An addi
tional factor, the effect of overburden pressure (depth below surface), was also taken 
into account in a qualitative manner. (Evidently, a highly susceptible soil located 4 ft 
below the pavement may cause the same degree of frost damage as a slightly susceptible 
soil located just below the pavement.) 

Drawing the necessary information from the case history records and following the 
general procedure given in Table 2, the soils were divided mto four classes denoted by 
the following performance indexes: 

FO = non-susceptible, 
Fl = slightly susceptible. 
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F2 = moderately susceptible, 
F3 = highly susceptible. 

Because of the uncertainty of some of the field data, the performance indices were 
not of equal reliability. At some sections the degree of frost damage would seem ob
vious, whereas at others settlement independent of frost action might have caused 
some of the damage. At some sections it was easy to judge the nature of the soil mois
ture conditions, at others it was difficult. Some combinations of ^parent damage and 
moisture conditions could also render the conclusion less reliable; e.g., in the case 
of no frost damage and low moisture the soil was probably nonsusceptible, but not 
necessarily so. Furthermore, it was necessary to estimate at each damaged section 

TABLE 2 
DETERMINATION OF FIELD PERFORMANCE INDEXES 

Relative Scale for Pavement Damagê  

No frost damage 
Slight frost damage 
Medium frost damage 

Heavy frost damage 

DO 
Dl 
D2 

D3 

Relative Scale for Moisture Conditions^ 

Low moisture Ml 

Moderate moisture 

Excess moisture 

M2 

M3 

No sign of damage 
Surface roughness, hairline cracking 
Noticeable bump or single crack on 

new pavements, system of crack
ing of moderate intensity on old 
ones 

Pronounced bump or cracking on 
new pavements, complete pavement 
breakup on old ones 

Good drainage, low ground water 
table (moisture profile did not indi
cate the water table to be in the 
vicinity of the 5- to 6-ft drilling 
depth) 

Medium drainage, medium ground 
water table (moisture profile indi
cated the water table to be close 
to the bottom of the borehole) 

Poor drainage, high ground water 
table (free water table was en
countered within the drilling depth) 

^Double symbols were used to denote borderline cases. 

Determination of Performance Index 

Ml M2 M3 
DO FO FO FO 
Dl F2 Fl FO 
D2 F3 F2 Fl 
D3 F3 F3 F3 
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which soil layer had possibly caused the damage. This estimation was based on textural 
considerations and was made with confidence in most of the cases (a typical stratifica
tion: pavement, clean gravel, coarse sand, silty loam, bedrock; the silty loam being 
the critical layer). In some cases, however, the relative responsibility of the different 
layers for causing the observed damage was more doubtful; consequently, the perfor
mance indices arrived at were less reliable, or completely unreliable. 

In an attempt to qualify its reliability, a weight factor was assigned to each perfor
mance index, using the values 0, 0.5, 1.0, 1.5, 2.0. This weight factor incorporated 
the various aspects mentioned in the preceeding paragraph, the details of the weighting 
procedure have been described elsewhere (5). 

Following this procedure, a weighted performance index was obtained for each soU, 
and the subsequent analysis was based on the weighted number of soil samples, neglec
ting the soil samples with zero weight. 

Assessing actual frost susceptibility on the basis of field performance had the advan
tage that the problem was considered within the framework of the coiiq>lex field condi
tions, incorporating both heaving and thawing effects. The method adopted for the 
evaluation of field performance had certain limitations, because erroneous data may have 
been included by selecting sections where the damage was due to causes other than frost 
action, by misjudging the nature of the moisture conditions, or by attributing the dam
age to the wrong soil within a borehole. It was sought to minimize the effect of such 
errors by considering the interaction of the various factors and by weighting the field 
observations. The resulting performance indices were regarded as being sufficiently 
correct, at least in a statistical sense, to check the reliability of the practical frost 
susceptibility criteria. 

LABORATORY WORK 
Standard Tests 

To determine those soil properties needed for the application of the present criteria, 
grain-size analysis (dry and wet sieving as well as hydrometer test) and Atterberg 
limit tests were performed on all samples according to ASTM Sipecifications. (in addi
tion, the coefficient of saturated permeability was determined for the soils from sites 
B, C, D, and E, using a falling head permeameter in case this soil property could be 
correlated with field frost performance. No immediate correlation was found.) 

Capillarity Test 
The method adopted for the determination of the pore-size distribution curves was 

based on the moisture content distribution along a vertical capillarity tube after equi
librium had been reached. The soils were compacted and tested at one density only, 
using a uniform compactive effort throughout the tests. Saiiq>les from sites B, C, and 
D were tested. 

The capillarity tubes consisted of 15-cm long segments of plexiglass tubing. The 
segments were sealed together with hot wax and tape to obtain a watertight and rigid 
connection, and the bottom of the lowest segment was closed with a perforated foil 
stopper (Fig. 1). The diameter of the tubes was chosen according to the maximimi 
grain size of the soil, and the number of segments according to the ê qsected capillary 
rise. The position of the wetted front was observed daily, and the test was normally 
discontinued when the difference between two consecutive readings was less than 1 mm. 
Even if this condition had not been achieved, however, the test was terminated at 35 
days, or when the capillary rise reached a value of 160 cm. Even though complete 
equilibrium had not been established with some of the very fine soils, it was accepted 
as a permissible assumption, inasmuch as even in these cases the test gave sufficient 
indication of the value of the final capillary rise, and of the character of the moisture 
distribution. At the end of the test, the tube segments were disassembled and the 
moisture content determined for each portion of the sample. These data were used to 
determine the pore-size distribution curves. 
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Determination of Pore-Size Distribution 
Curves 

The standard formula, based on the sur
face tension concept, for the c^illary rise 
in a vertical tube is 

w cos a 

in which 

w 

d = 
w 

w 

maximum capillary rise; 
surface tension of water; 
contact angle between water 
and wall; 
diameter of the tube; and 
the unit weight of water. 

WATERTIGHT CONNECTION 

( W A X A N D T A P E ) 

P L E X I G L A S T U B E 

PERFORATED F O I L 

S T O P P E R 

CIRCULAR SEAT 

Figure 1. Equipment for c a p i l l a r i t y test. 

At equilibrium, the contact angle is very close to 0 , and it is a good approximation to 
take cos a = 1. The value of the surface tension varies slightly with temperature, but 
little error is involved in using an average figure of 0.075 g per cm (9). Finally, taking 
1.0 g per cu cm for the unit weight of water, the formula reduces to 

h^ (cm) 0.30/d (cm) 
U a bundle of tubes of different diameters is considered, the diameter of the largest 

tube that is still filled with capillary water at a height h above the free water level can 
be expressed as 

d (mm) = 3.0/h(cm) 
Considering the highly irregular pore space within a soil sanq)le as a similar bundle of 
capillary tubes (9), the maximum pore diameter still filled with capillary water can be 
estimated in a similar manner at any height above the water table. 

An example of the method adopted to determine the pore-size distribution curves is 
shown in Figure 2. At the end of the capillarity test, the capillary moisture content 
was determined along the height of the tube at 15-cm intervals. Such a moisture pro
file qurve is shown in Figure 2a. Assuming that the void ratio was constant along the 
height of the sample, the degree of saturation can be calculated from each moisture 
content value, yielding the "saturation vs height above water table" curve plotted in 
Figure 2b. Using the expression given m the preceedmg paragraph, the maximum pore 
diameter that was still filled with water at any particular height can then be determined, 
obtaining the curve shown in Figure 2c. The abscissa of any point on this curve is an 
"effective" pore diameter, p (= the diameter of the largest pore filled with water at a 
height h), and the corresponding ordinate gives the percentage of pore space that is 
composed of pores smaller than p; i.e., the percentage of pore space filled with water. 
By merely changing the nomenclature in Figure 2c, the pore-size distribution curve 
shown in Figure 2d is obtained in a form similar to a standard grain-size distribution 
curve. It is actually sufficient to plot only the second curve (Fig. 2b), which can then 
be interpreted as the pore-size distribution curve by a suitable superposition of scales. 
The curves for the 45 soils tested are given in the Appendix. 

The method described was of an approximate nature. The approximation used in 
taking average values for surface tension, contact angle, and unit weight of water was 
of minor importance, inasmuch as these quantities vary only in a very limited range. 
The fact that complete equilibrium was not achieved with some of the very fine soils did 
not affect the major part of the pore-size distribution curve but only a narrow range of 
the finest pores. A more appreciable error was mtroduced by the assumption that the 
void ratio was constant along the height of the tube. Although check calculations indicated 
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Figure 2. Determination of pore-size distribution curve. 

that a sufficiently uniform initial conqpaction was achieved, nonuniform void ratio changes 
occurred during the test due to swelling. The finer the soil, the more pronounced this 
effect was. Finally, a serious limitation was imposed by using the c^iUary bundle con
cept, which could be regarded only as a drastically simplified illustration of the actual 
pore system. 

The pore-size distribution curves obtained by this method did not, therefore, indicate 
the "true" pore conditions. On the other hand, they did give a realistic picture of the 
effective pore conditions as reflected by an unsaturated upward moisture flow. The 
curves incorporate the effect of void ratio changes due to swelling, but this effect is also 
present during the upward moisture flow to the freezing front. The capillary bundle con
cept has serious limitations, but it does describe how the pores "seem to behave" during 
an unsaturated upward flow. Thus it seems to be logical to conclude that the "effective" 
pore characteristics determined by this approximate method are closely related to pore 
conditions relevant to frost action. 

ANALYSIS OF RESULTS 
The essential function of a frost susceptibility criterion is to predict before construc

tion whether a soil is likely to prove frost susceptible if included in the highway structure. 
The "bad" soils can then be rejected, and the "good" ones accepted, at the design stage. 
An ideal criterion would reject all soils that are apt to cause frost damage on the road 
under normal temperature and moisture conditions and would accept all those that are 
not. In addition, it would be based on relatively simple laboratory tests and would thus 
be simple to apply in practice. 

It follows that the usefulness of a criterion can be assessed by comparing predicted 
frost behavior to field frost performance for a number of soils. The degree of agree
ment between prediction and performance is a measure of the reliability of the criterion. 
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This comparison should be made on the basis of the two parallel aspects of reliability, 
rejection of bad soils and acceptance of good ones. To conduct such an analysis, it is 
necessary to (a) evaluate in some numerical manner the field performance of the soils, 
(b) evaluate in a similar manner the predictions implied by the criterion, and (c) develop 
a method for comparing the two sets of values. 

Phase (a) was described in the section dealing with field work, while the remaining 
two phases are discussed in the following paragraphs. 
Frost Susceptibility Criteria Based on Grain Size and on Pore Size 

Essentially all the currently applied frost susceptibility criteria are based on grain-
size limits. Some of them also utilize such soil properties as Atterberg limits, cap
illarity, and hygroscopicity. Seven of the most widely used systems (2, 5) were selected 
for the present investigation (Casagrande 1931, Beskow 1935, Beskow 1938, U.S. Civil 
Aeronautics Administration 1948, Croney 1949, U. S. Corps of Engineers 1951, SchaiUe 
1954). Using the laboratory test data, the soils were classified accoriding to each of 
these criterion systems. A number of different terms are used in these criteria to de
scribe "degree of frost susceptibility." To conform with the notation adopted for the 
evaluation of field performance, these terms were interpreted to f i t three basic cate
gories: 

FO = non-frost susceptible, 
Fl = borderline, s l i^t ly frost susceptible, 
F2+ = frost susceptible. 

By a procedure of trial and error, correlation was sought between performance in
dices and pore-size characteristics. It was found that the slope of the upper branch of 
the pore-size distribution (PSD) curve could possibly be related to frost susceptibility. 
The slope between the 90 percent and 70 percent limits showed a tendency to become 
steeper with increasing susceptibility. Using the notation pgo and pto for the pore dia
meters larger than 90 and 70 percent of the pores, respectively, the P,, = peo/pio value 
was calculated for each soil. 

Establishing a tentative criterion, soils with Pu < 6 were classified as frost suscep
tible (F2+), and soils with Pu > 6 as nonsusceptible (FO). 

The "predicted indices, " together with the performance indices, were given in detail 
elsewhere (5). 

Performance Indexes vs Predicted Indexes 
The reliability of a criterion depends on how closely the predicted indexes agree with 

the performance indexes. To assess the extent of agreement, an "agreement factor" 
(A) was determined for each soil, in the following manner: 

1. In case of complete agreement (i.e., FO (performance index) predicted as FO 
(predicted index)) Fl as Fl , and F2+ and F2+, the agreement factor was taken as twice 
the weight of the performance index, A = 2W. 

2. In case of partial agreement (i.e., FO or F2+ soil predicted as Fl and vice versa), 
A = W. 

3. In case of complete disagreement (i.e., FO soil predicted as F2+ and vice versa), 
A = 0. 

The sum of the individual agreement factors was regarded as a measure of the relia
bility of the criterion. The two aspects of reliability were separately investigated. 

In the first step only the frost susceptible soils (performance indexes Fl or F2+) were 
considered. The sum of the agreement factors for these soils, e:qiressed as the per
centage of the sum for an ideal criterion, was termed the 

YAf 
rejection factor = —— 100 

2 j w f 
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It indicated what percentage of the actually frost-susceptible soils were predicted as 
such by the particular criterion. For example, if the rejection factor for a criterion 
is 8 0 percent, then, had this criterion been applied at the time of construction, 8 0 
percent of those soils that later caused frost damage would have been eliminated. 

In the second step only the nonsusceptible soUs (performance index FO) were con
sidered. The sum of the agreement factors for these soils, e:q)ressed as the percentage 
of the sum for an ideal criterion, was termed the 

J A F O . 100 
acceptance factor 

It indicated what percentage of the actually nonsusceptible soils were classified as such 
by the particular criterion. For example, if the acceptance factor for a criterion is 
8 0 percent, then, had this criterion been applied at the time of construction, 8 0 percent 
of those soUs that later proved frost-safe would have been regarded acceptable. 

The following reliability figures were obtained for the different criteria: 

Rejection Acceptance 
Criterion Factor (%) Factor (%) 

Casagrande, 1 9 3 1 8 4 2 0 

Beskow, 1 9 3 5 7 7 3 2 
Beskow, 1 9 3 8 75 2 4 

Civil Aeronautics Admin., 1948 8 7 6 

Croney, 1949 58 52 

Corps of Engineers, 1 9 5 1 8 6 1 9 

Schalble, 1 9 5 4 8 5 1 3 
PSD criterion 75 79 

These results are based on 1 1 8 soil samples, with the exception of the figures for 
the PSD criterion. Because of time limitations, only 3 9 samples were used for ana
lyzing the PSD criterion. 

Reliability Figures 
In regard to the rejection and acceptance factors, the field performance indexes on 

which the analysis was based were certainly not 1 0 0 percent accurate. The range and 
relative magnitude of the factors obtained nevertheless indicate that such an error 
probably was not serious. Also, due to the nature of the sampling procedure, the ob
viously nonsusceptible soils were excluded from the analysis. At an undamaged section 
of the highway usually only one of the subsoils was sampled, the one that appeared to 
be the least frost safe on the basis of textural classification. Consequently, although 
the rejection factors were based on both obviously susceptible and doubtful soils, the 
acceptance factors reflect the reliability of the criteria almost exclusively in the doubt
ful zone. This gives a partial e:q>lanation of why the acdbptance factors are so low com
pared to the rejection factors. The relative magnitude, rather than the exact value, of 
the reliability figures should therefore be considered when comparing the different cri
teria. 

Among the grain-size criteria, the Casagrande criterion proved reassuringly safe 
in rejecting bad soils ( 8 4 percent), but too conservative in accepting good ones ( 2 0 per
cent. Actually, both these trends had already been indicated by practical experience 
(e.g., 1 0 ) . An unquestioned advantage of the method is its simplicity. The other cri
teria are more complicated without apparent gain in reliability. As already noted, the 
Civil Aeronautics Administration criterion, although the frost aspect is also taken into 
account. It is primarily based on strength considerations for subbases, thus all the 
finer soils investigated (and the great majority of the samples were finer than coarse 
sand) were necessarily rejected regardless of their e^qjected frost behavior. This 
explains the high rejection factor and low acceptance factor for this criterion. 
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An improvement of the rejection and acceptance factors for the different criteria 
was attempted by slightly altering the specified grain-size limits. For example, in the 
case of the Casagrande criterion, both the susceptible and nonsusceptible soils (field 
performance), and also the dividing line suggested by Casagrande, were plotted on a 
graph that had the percent finer than 0.02 mm on one axis and the uniformity coefficient 

.on the other. It was then attempted to shift the dividing line so as to include more sus
ceptible soils into the "danger zone" and more nonsusceptible soils into the "safe zone." 
For each grain-size criterion it was found that any gain in one factor was to be paid for 
by a comparable loss in the other. This suggested a rather irregular distribution of 
data, which in turn was taken to indicate that the grain-size characteristics on which 
these criteria were based did not constitute the soil property basically influencing 
frost behavior. 

Considering the PSD criterion, it gave a rejection fao t̂or as good as, and an accept
ance factor considerably better than, the average values for the established grain-size 
criteria: Criterion Rejection (̂ ) Acceptance (̂ ) 

PSD 75 79 
Avg. for grain-size 78 24 

Thus the PSD criterion spears to be both safe in rejecting the bad soils and economical 
in accepting the good ones. Also significant, the rejection and acceptance factors for 
this criterion are of the same magnitude, even if not ideally high. This suggests that 
a definite relationship exists between pore-size characteristics and frost susceptibility, 
although this tentative criterion is not necessarily the best form to express the relation
ship. It seems reasonable to expect that the reliability of this criterion, as opposed to 
the others based on grain-size limits, could be further improved by refining the cri
terion and by eliminating the possible experimental errors. 

The preceding analysis appears to indicate that pore-size distribution is the soil 
property that has the fundamental and primary influence on frost susceptibility. The 
influence of grain-size distribution is of secondary nature, exerted probably through 
its effect on the primary factor of pore size. Frost susceptibility criteria should 
therefore be based on pore-size characteristics. 

Some Theoretical Aspects 
The PSD criterion, as presented here, is based on the slope of the pore-size dis

tribution curve between the 70 and 90 percent limits. It appears that this slope is con
siderably steeper for frost susceptible soils than for nonsusceptible soils. In other 
words, the presence of relatively large pores, in an amount of approximately 20 per
cent of the total pore space, tends to make the soil frost-safe. One possible explana
tion is that the large pores break the continuity of the capillary water column, thereby 
hindering the upward moisture movement to the freezing zone. Another aspect is that 
ice propagation is relatively easy through these large pores, and the resulting ice pro
jections act as anchors, resisting the heaving pressure. It seems to be logical that, 
in addition to this criterion referring to the large pores, there should be another valid 
criterion bringing into consideration the size of the relatively small pores, which pro
bably govern the induced suction; e.g., pzo, the pore size that is larger than 20 per
cent of the pores. This second criterion was not indicated by the present work, pro
bably because only a very limited number of coarse soils were considered. 

The soil property having the fundamental influence on frost susceptibility is pore 
size according to the thermodynamic theory of frost heaving (11) and grain size accor
ding to the electro-osmotic theory (12). The results of the present work would favor 
the former hypothesis. No evidence against the validity of this hypothesis has yet been 
reported. 

The present work also gives an indirect indication that capillarity is a factor of con
siderable importance in frost action. This soil property has been neglected by recent 
investigators, mainly on the basis that surface tension forces cannot be effective once 
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the water column reaches the ice front and the meniscus disappears. At this stage the 
suction forces induced by freezing replace the effect of surface tension. However, the 
significant point is that the pore water must somehow reach the vicinity of the freezing 
front before the suction forces become effective. For such a "presaturation," the 
most plausible mechanism is still capillarity. Therefore, it seems probable that even 
if capillarity does not play a direct role in frost heaving, it is an essential prerequisite 
for the upward moisture movement to the freezing front. 

The method developed in this work for the determination of pore-size characteristics 
is based on the active capillarity test. Although this test does not involve much work, 
it requires much time (several weeks). Hence, if pore-size criteria are to be used in 
practice, it would be desirable to develop a more r ^ i d and at least as reliable a labor
atory procedure. The obvious possibility is to use the suction curve instead of the c:^-
illary moisture profile. Such a method would be fast and would yield the "effective" 
pore-size distribution curve in a manner quite similar to the one described here. A 
further advantage of the suction method would be that the effect of void ratio could also 
be considered by testing disturbed samples under more closely controlled density con
ditions and by carrying out the test at different densities. The possibility of testing 
undisturbed samples could also be considered. It would probably be advantageous to 
determine both the drying and the wetting curves, which would yield the limits for the 
possible behavior of the soil in the field (the point representing the field moisture con
ditions may lie anjnvhere within the hysteresis loop, depending on the earlier moisture 
history of the soil). Also, the hysteresis loop could possibly give some much needed 
information regarding the "shape factor" for both the particles and the pores. 

Finally, there is a further possible practical use of the pore-size distribution curve. 
It appears logical that the overburden pressure-suction relationshq), when heaving is 
stopped—found to be linear by Penner (6)—should be closely related to pore-size char
acteristics. Similarly, the maximum suction at which an appreciable flow can still be 
maintained should also depend on pore-size distribution. Further research is needed 
to establish these correlations, but positive results would have great practical signi
ficance because simple data derived from the pore-size distribution curve would imme
diately indicate the depth at which the particular soil ceases to be frost susceptible. 
This would be a definite improvement on the present concept of frost susceptibility 
classification. 

CONCLUSIONS 
Subject to the limitations previously mentioned for the experimental work, the follow

ing conclusions can be stated. 
1. Among the present frost susceptibility criteria the Casagrande criterion is the 

simplest and is as reliable as any other, though definitely conservative. 
2. The e}q>erimental results indicated serious limitations of the criteria based on 

grain-size limits. Grain-size distribution is thus probably not the most important soil 
property influencing frost behavior. 

3. The pore-size distribution curves determined from capillarity moisture profiles 
at equilibrium reflect the pore conditions relevant to frost action. 

4. A tentative frost susceptibility criterion based on pore-size characteristics was 
introduced and was found to be considerably more reliable than the grain-size criteria. 

5. The results of this study, together with certain theoretical considerations, indi
cate that pore-size distribution would provide a more rational basis for frost suscepti
bility criteria. 
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F i g u r e 3. P o r e - s i z e d i s t r i b u t i o n c u r v e s , FO s o i l s . S i t e s B and C . 
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F i g u r e U . P o r e - s i z e d i s t r i b u t i o n c u r v e s , FO s o i l s . S i t e s D and E . 
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F i g u r e 5 . P o r e - s i z e d i s t r i b u t i o n c u r v e s , F l s o i l s . 



80 
- O 0 5 06 D7 J08 Xfc 0 3 0 4 0 J O 60 70 8 0 90 I 

E F F E C T I V E P C ^ E DIAMETER p (mm ) 

7 

H E O f T A80VE WATER TABLE fcnO 
I I I I I I 

200 ISO 100 
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F i g u r e 7 . P o r e - s i z e d i s t r i b u t i o n c u r r e s , F3 s o i l s . 




