
S T A T E N S  V Ä G I N  S T I T U T
TH E N A T IO N A L SW EDISH ROAD R ESEA R C H  IN STITU TE 

S T O C K H O L M

R E P O R T  30 A

DETERMINATION OF THE 
GRO UN D FROST LINE BY MEANS 

OF A SIMPLE TYPE OF 
FROST DEPTH INDICATOR

(Bestämning av tjälgräns i mark med enkel typ av tjälgränsmätare)

by

R U N E  G A N D A H L

Translated and revised by P. T. Hodgins

1 9 6 3





Foreword

The original Swedish version of this report was written in December 1956, 
and published in 1957. The frost depth indicator invented by the Author was 
just then in its final stage of development and was going into routine use. The 
report filled an urgent need for a practical description of the instrument and 
its application to field use, for the instruction of the field observers; at the 
same time it was published freely for the benefit of the whole community of 
those interested in ground frost problems.

The Gandahl-type frost depth indicator has been in wide use in Sweden 
over the years since 1956— 57, and has proved itself a most useful tool in the 
study of frost action in roads. Few of these instruments have been used outside 
of Sweden until the present time, however. It may be supposed that this is 
partly because the Swedish-language report was not widely translated for use 
by others. Now, in the winter 1962— 63, it is known that three Dominion 
Government agencies in Canada alone are taking up the use of the Gandahl 
instrument. With this awakening of international interest, it seems appropriate 
to issue this report also in English.

At the same time, it is appropriate to incorporate a number of changes in 
the text and even among the illustrations. The main purpose of these has been 
to keep the work as up to date as possible, both in regard to the details of the 
instrument itself, and to the background discussions. In addition, some aspects 
of the installation procedure are now described for the first time in a publi
cation, and some material which might also be found in textbooks or elsewhere 
has been added in order that any reader may understand the discussion without 
consulting these sources. This is not to say that this paper replaces other refer
ences, however; subjects such as undercooling (supercooling) and lowering of 
the freezing point can only be skimmed over here.

Stockholm, March 1963.

P. T. Hodgins,
Geological Department,
Statens Vaginstitut.

Determination of the ground frost line by means of a 
simple type of frost depth indicator
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The position of the frost in the ground is of great importance in many 
technical problems. It is therefore of great value to be able to measure this 
position in an easy way, and thus to be able to register the thickness and extent, 
and the vertical progress and recession, of the frost layer at various times 
during the frost season. The frost depth indicator to be described here has 
been developed to provide this ability. By way of introduction, however, two 
other methods for the determination of frost depths will first be briefly de
scribed.

Examples of other types of frost measuring instruments

One of the two methods of frost depth determination developed by others 
which will be mentioned here is that of the Swedish Geotechnical Institute.1 
The basis is the strongly marked change in the electrical conductvity of a 
given soil upon a change between the frozen and unfrozen states.

The second method is one which has been developed and used in Germany. 
Observations for a winter’s frost season made by means of the “ Frostindikator” 
have been published and discussed.2, 3 The principle employed is that heat can 
be transferred horizontally between the ground and an indicator column con
taining a freezable solution, so that the frost line may lie at equal heights in the 
ground and the indicator column. In the German application of this principle, 
the position of the frost line in the column is determined by probing with rods.

The apparatus for the German method is housed in a vertical concrete pro
tection tube of io cm internal diameter and i m depth. The space inside is 
divided into segments io cm high by an insert consisting of a central support 
and a series of perforated shelves. On each shelf rests an indicator body con
sisting of a rubber casing filled with foam rubber and indicator solution; 
a rod leads upward from each such body, through the perforations of the 
shelves above, to the top of the column at the ground surface. Except for these 
components, the column contains only air. The existence of frost conditions 
at any of the ten test levels is indicated if the rod in question cannot be 
pushed downward with finger pressure. It is assumed that the indicator solution 
used is water or an aqueous solution, although the descriptions of the apparatus 
do not state this.

It has been reported that good values for the vertical extent of the ground 
frost zone were furnished by the German frost indicator.

Construction of the frost depth indicator

The frost depth indicator developed at Statens Väginstitut was based on the 
same first principle as the German instrument, that is, on the principle that 
horizontal heat transfer can be used to produce freezing conditions in an 
indicator column to correspond to those occurring in the ground. This basis



was chosen after experiments with the German indicator clearly showed that 
a simple and robust, reliable instrument could be developed from such a simple 
and direct principle.

The German indicator itself was not suitable for use in Sweden. For one 
thing, the measuring range of o to 100 cm was too limited for the greater part 
of Sweden, and particularly for the areas where the most important frost 
problems often occur. In addition, the German indicator seemed complicated,

Fig. ia . The frost depth indicator before assembly. The parts include 
A) the instrument pipe assembly, or frost depth indicator proper; 
this includes an acrylic plastic rigid pipe, a latex rubber tube 
stretched inside the pipe and anchored at the ends by means of 
plastic stoppers, and in the annular space so formed, a filling of 
methylene blue dye solution; B) the lining pipe, for maintaining 
the hole in the ground into which the instrument is inserted; C) the 
lining pipe anchor; D) the telescoping tube fitting around the upper 
end of part B (note the rubber sealing ring at one end); E) the 
screw-plug top of the instrument, from which A is suspended; F) 
the anchor for the top-end telescoping assembly which includes D. 
Part E screws into part F to close the top of the lining pipe. A ll 
parts except B and C  ride up and down with surface heaving and 
settlement movements.

Parts C  to F are unnecessary for most installations in untravelled 
areas.

Fig. i  b. The parts shown in Fig. i a, assembled as if for use in a 
travelled area. This demonstration instrument is abnormally short.



expensive, and of doubtful precision. The aim in the development of the new 
type of frost depth indicator has been to produce a simple, cheap, easily-handled, 
reliable, and robust instrument which still gives indications of the positions of 
the frost line or lines with a degree of accuracy adequate for all practical 
purposes.

The resulting instrument has taken the form, basically, of a long column of 
indicator solution encased in a clear plastic pipe, the solution being one of a 
dye in distilled water and having the property of changing from a deeply 
coloured liquid to colourless ice at o°C . The indicator pipe may be raised 
from its narrow, vertical hole in the ground at any time, and read by simply 
noting the position of the colour change in the indicator solution. There are 
no steps in the continuous scale of readings furnished by this instrument.

Described in more detail, the frost depth indicator consists of an acrylic 
plastic pipe of 15 mm outer and 10 mm inner diameter, and 2, 2.5, or sometimes 
even 3 m length; a rubber tube stretched from end to end inside the pipe and 
anchored at the ends by plugs which also seal the tube and the space between the 
tube and pipe walls; a filling, in the sealed annular space between the tube and 
pipe walls, of an indicator solution of 0.05 %  methylene blue in distilled water; 
and accessory apparatus for the protection of the indicator proper, and main
tenance of the hole in which it must be installed in the ground. As an aid in 
reading the instrument, it is graduated with markings at 5 cm intervals.

The hole in the ground is maintained mainly by a lining pipe which naturally 
must be a little bit wider and longer than the outside dimensions of the instru
ment pipe. In frost heaving soils there is a strong possibility that such a lining 
pipe will be gripped by the frozen soil and lifted upward, and so, if this 
movement cannot be tolerated (as is the case, for example, where the frost depth 
indicator is installed in a roadway), anchorage must be provided. This has 
been accomplished by means of a pair of folding steel wings which may be 
spread after the anchorage assembly has been pushed down to the right level 
in the hole. The spreading is performed by the turning of a screw and by lifting 
at the center hinge of the wings, after which the lining pipe may be pushed 
down and attached to the anchorage by screwing together matching parts. 
Because the frost lifting force still exists, however, it is necessary to lubricate 
the lining pipe with a low-temperature grease before inserting it in the hole; 
this makes it difficult for the frozen ground to grip the lining pipe, and 
prevents the pipe being torn in two. The grease is unnecessary where anchorage 
of the lining pipe is not employed.

An additional assembly of parts designed to protect the upper end of the 
installation must be used where traffic may pass over the test site. This assembly 
must be able to ride up and down with the surface during frost heaving motions, 
for example, and for this reason is furnished with an anchor plate or set of 
wings to be embedded near the surface. A part of this assembly also consists 
of pipes of larger diameter than the hole lining pipe so that telescoping vertical 
motions are possible. The annular space between the telescoping parts is sealed 
with a rubber ring. The final essential feature of this assembly is a screw top



designed and greased to keep dirt and water out of the lining pipe. Simply as 
a convenient means for retrieval of the instrument pipe from the interior of 
the lining pipe, the instrument pipe is fastened to the underside of the removable 
member of the screw top. Thus the instrument pipe is raised when the top of 
the hole is opened.

For installations in open fields and the like, where traffic is not a problem 
but finding the frost depth indicator installation in the snow can be, some 
means of marking the test site and of extracting the instrument pipe without 
disturbing the snow is required. To accomplish these purposes, the lining and 
instrument pipes can be left projecting above the ground surface to a height 
where they cannot become lost; in this case a simple snow cap is all the extra 
equipment required at the top of the pipes. Alternatively, a rod or pipe can 
be attached to the top of the instrument pipe as an extension to facilitate 
handling, and a larger diameter pipe can be used to extend the lining pipe. 
Again a snow cap is required. In any case, it is wise to prevent disturbances 
to, and especially the compaction of, the snow cover near the frost depth 
indicator installation; compacted snow has a much higher thermal conductivity 
than loose snow, and in addition disturbances which diminish the snow depth 
have a further adverse effect on the insulating effect of the snow blanket. 
A raised catwalk may be used to keep the observer’s feet out of the snow.

Returning to the frost depth indicator itself, an attempt must be made to 
explain the disappearance of the colour of the methylene blue indicator dye 
solution upon the occurrence of freezing. As far as can be discerned, the change 
has little or nothing to do with any change in the chemical properties of the 
solution. It seems that the large dye molecules are excluded from the ice 
crystals, and concentrate in small cavities in the ice mass, at the crystal 
boundaries, and at the surfaces of the plastic pipe and rubber tube. Since the 
indicator solution is 99.95 %  water and only 0.05 %  dye, it is not difficult 
to see that, if they are perfectly segregated, the water in the form of ice 
crystals will form by far the greater part of the total, which will consequently 
look more like pure ice than like anything else.

Because the dye is only moved short distances by the ice, there is always dye 
present when thawing sets in. This dye immediately dissolves and diffuses so 
that the solution is again blue. Thus it is possible to observe the downward 
progress of the thawing line in the spring, even though a good deal of ice still 
occupies the middle and lower parts of the instrument.

The rubber tubing stretched inside the instrument pipe has several functions. 
The first is to form a central air-filled void running the full length of the 
instrument so that the expansion of the freezing solution may take place inward, 
with a slight deflection of the rubber tube walls, and thus will be prevented 
from bursting the pipe. The second is to hold only a thin layer of the indicator 
solution against the pipe walls so as to reduce the volume of solution present 
and thus to reduce the amount of heat transfer necessary for the conversion 
of water to ice or vice versa. This results in increased sensitivity to vertical 
variations of the frost line in the ground. The third function is to help fix the



position of the ice in the indicator column when it tries to float upward through 
the water produced in the upper parts of the column during the spring thaw. 
A  fourth function is to act as a long tension spring which keeps the end-plugs 
of the instrument pipe in place by pulling them toward the middle of the 
pipe; and a fifth is to supply a surface for the concentration of the dye mole
cules during the freezing process.

The materials used in the frost depth indicator must be selected not only 
to produce a reliably functioning apparatus but also to ensure that the results 
produced are as accurate as possible. Thus it has been necessary, for example, 
to avoid both a certain type of rubber tubing which absorbs water and grows 
longer during freezing, and metal pipes which would conduct heat faster than 
the surrounding soil and hence would disturb the thermal regime in the ground 
and instrument.

The heat transfer between the indicator solution and the ground must occur 
only in a horizontal direction, through the instrument pipe walls. The instru
ment must not be allowed to conduct any significant amount of heat vertically 
between the frost line region and any other if disturbances to the frost lines 
in both the ground and the frost depth indicator itself are to be avoided. The 
overall horizontal thermal conductivity of the ground-instrument system should 
therefore be as great as possible in relation to the vertical conductivity of the 
instrument installation. This objective is achieved by making the instrument 
o f low-conductivity material, so that the horizontal conductivity of the soil 
is comparatively great, especially when the small conducting cross section of 
the instrument is kept in mind (see Table I) .[1] The only major material

T A B LE  I

Material1
D ry Density 

g/cc
Moisture Content 

°/o by weight

Coefficient of Thermal 
Conductivity 

kcal/m • h- °C

Sandy gravel 2.0 3 2.0
Coarse mo 1.6 9 1 .1
M jäla i -5 2 5 1.2
Light med. clay 1.2 51.4 1.18
H eavy med. clay 1.03 G 0.88
H eavy clay i -3 34.8 1.1
Moraine clay 1.8 1 6 2.0
Ice, — io °C — — 1.982
Water — — 0.502
A ir — — 0.0202
Plexiglas, acrylic plastic — — 0.16
Rubber, para — — 0.16

D] Most of the values of Table I have been generously provided by Fil. Lic. E. Saare.
1 The Swedish soil classification system devised by Atterberg is used in this report. Soil 

fraction grain size limits do not necessarily correspond to those used in other systems, just as 
the latter systems differ among themselves. A number of English-language names may be used



occurring in the indicator which does not have a thermal conductivity lower than 
the listed soils is ice. Even this need cause no concern however, because the ice 
occupies only about 5 — 10 °/o of the total cross-section of the installation, and 
occurs at the same levels as frozen soils, which have somewhat higher con
ductivities than the unfrozen soils listed here.

If  a cross section of the frost depth indicator is considered, it consists, be
ginning at the outside, of 1) the lining pipe, in direct contact with the sur
rounding soil; 2) a narrow air space, providing clearance for the extraction 
and replacement of the instrument pipe in the lining pipe; 3) the instrument 
pipe; 4) the indicator solution film; 5) the rubber tube; and 6) the central air 
space. During part of the season the indicator solution film will be turned 
to a film of ice at the typical cross section. The air and solution spaces are 
long and narrow, and consequently the transport of heat in quantities that 
might cause thermal disturbances as a result of convection currents is not 
possible.

Acrylic plastic pipes have been chosen for both the lining and the instrument 
pipes. In both places this plastic is suitable because of its low thermal con
ductivity and its toughness and strength. It is rigid enough to maintain its 
shape, but flexible enough to withstand breakage because of ground movements 
or rough handling. Its transparency is also a necessary quality for the instru
ment pipe, and its smooth surface is advantageous in the lining pipe, especially 
when it is hoped that the freezing of the soil to the outside of the lining pipe 
can be prevented. I f  another material can be found which is suitable from 
these points of view, it may be used, but it is most important that the thermal 
conductivity of the soils at the test location should not be exceeded.

Installation of the frost depth indicator in the ground

The frost depth indicator should be installed with the minimum of disturbance 
to the conditions normally existing in the ground and at its surface. I f  con
ditions are upset to any great degree, abnormal frost depths may be produced, 
and the readings provided by the indicator will be misleading because they

with reasonably small errors to describe the Swedish soil fractions, but it seems best to retain 
two Swedish terms which find no direct equivalents in most other systems. The reader should 
compare the list of grain size limits which follows to whatever other limits he is most familiar 
with. As with other systems of soil classification, natural soils are named for their predominating 
fraction ('s').

clay up to 0.002 mm
"m jäla” 0.002— 0.02 mm
“ mo” 0.02 — 0.2 mm
sand 0.2 — 2.0 mm
gravel 2.0 — 20.0 mm
stones 20.0 — 200.0 mm
boulders over 200.0 mm

2 From Beskow  (4), calculated values.



Fig. 2. Machine sounding of the installation 
hole. Road superstructure material has al
ready been removed to permit the placement 
of the upper-anchorage plate. Hand sound
ing is possible in many softer soils.

Fig. 3. A fter the installation of the lining 
pipe and the upper-end telescoping pipe, a 
seat is prepared for the upper-anchorage 
plate. A  cotton wad prevents dirt entering 
the lining pipe.



Fig. 4. The anchor plate has been placed and is held by a hose clamp. The flexible plate will 
seat firm ly with the compaction of overlying road materials. At bottom of photo, the upper 
end of the waiting frost depth indicator rests on an apparatus for extracting wedged sounding 
rods from the ground. Continuing clockwise, there is a hand-held drill; a tamping tool; and a 
sounding rod. The latter two items can be either machine- or hand-operated. Behind the drill 
and tamper lies a prying bar.

are not representative of the undisturbed ground. For this reason, the hole in 
the ground should be made by sounding or drilling a hole of just the right 
size to accept the lining pipe. Excavation, or oversized drilling, followed by 
backfilling should be avoided except, perhaps, in the granular materials with 
which the road superstructure has been built up. These, it can be argued, have 
already been disturbed. Even so, it is necessary to return these materials to a 
state as nearly like that in which they were found as possible.

For several reasons, the installation should be completed before the beginning 
of the frost season. The installation is easier and better in unfrozen ground, 
there is no disturbance to any frost already present, and a more complete 
record of the whole frost season may be made.

The hole can be sounded by hand tools, such as pinch bars, in some soils 
such as soft silt and clay. Other, stonier soils require the use of machinery for 
drilling and/or sounding as well as, sometimes, for the recovery of rods which 
may become wedged by the stones. This equipment need not be complicated, 
however; a simple, hand-held jackhammer or percussion drill and a simple 
puller acting like a car jack with jaws to grip the rod are usually sufficient. 
Because of the depth of the indicator holes, two or three progressively longer



Fig. 5. Only the screw plug which seals the hole and suspends the instrument proper can be 
seen when the installation is complete. Diameter of the plug is 3 cm. (about 1 3/16 in.).

drill rods may be most conveniently used. Also, a hole may be drilled undersize 
and sounded out to the full size with an ordinary sounding rod.

The first thing to go into the hole after its completion is usually the anchor
age of the lining pipe, which must then be fixed in position. Thereafter the 
lining pipe is greased and inserted; where there is no anchorage, the grease 
can be omitted. I f  there is an anchor, the lining pipe is next attached to it. 
Then the assembly which protects the upper end is added, or, in open field 
installations, the extensions and snow cap are added. When an anchor plate 
or wing assembly is placed in the road surface, care should be taken that the 
underlying materials are properly levelled and compacted first. This preparation 
is difficult with frozen soils, and should therefore be completed by late autum.

Various phases of the installation of the frost depth indicator are illustrated 
in figures 2 to 5 inclusive.

Determination of the frost depth

Except for the duration of the observations, the frost depth indicator should 
be kept always in the ground. The screw top must be kept well greased and 
tightened down. For an observation, the snow, water and dirt that may be 
present are first removed, the top is unscrewed, and the instrument pipe is 
withdrawn. It is then a simple matter to note the depth to which the colourless



Fig. 6. Obtaining a frost depth reading. The in
strument indicates that the o °C  isotherm lies 
107 cm below the road surface, in this case.

ice extends, below which the unfrozen blue solution cannot be mistaken. As 
has been mentioned earlier, the position of the colour change can readily be 
determined on a scale marked directly on the instrument pipe.

The point that is often missed by observers is that the position of the “ thaw 
line55 in spring also can be noted easily, as a new band of blue spreads down
ward from the surface. In a typical example, the indicator may be blue from 
the top to the 25 cm line, then colourless to the 100 cm line, then blue again 
to the bottom of the instrument. This indicates that only the ground between 
25 and 100 cm below the surface remains frozen. It could happen, though, 
that cold weather might return suddenly, in which case a new colourless band 
would appear at the top of the column. Such a turn of events would thus 
produce four bands of alternately colourless ice and deep blue liquid. The 
observer should be alert for the thaw line with the onset of warm weather, 
and may even see a secondary frost line like that suggested here if the warming 
trend is reversed.

The boundaries between frozen and unfrozen soils, and between frozen and 
unfrozen portions of the indicator solution, are both usually well marked, 
especially in damp soils falling within a wide range of intermediate grain sizes. 
With clays and dry, coarse, stony soils, however, aberrations often occur. In 
the case of coarse, dry soils the heat transfer near the frost line is made



irregular by the discontinuous nature of the stone and void-riddled strucuture; 
even convection currents might occur in the voids of some materials, and these 
carry heat upward through the void system while the frost is penetrating down 
through the stones by conduction. The result may be a transition zone over 
which only parts of the indicator solution are frozen. In such cases it is 
necessary to choose the readings consistently. It has been decided that the 
transition zone should not be counted as part of the frozen layer.

In the case of clays, there is seldom any doubt about the position of the 
colour change visible in the column of indicator solution, but only about its 
meaning. This will be considered further in the next section of this paper.

It must also be mentioned here that a small quantity of air may concentrate 
in the upper end of the instrument during the frost season. This is quite normal. 
The liquid could simply be “ topped up” by the addition of a little extra so
lution each year, but it is considered best to start each frost season with a 
fresh charge of solution regardless of the presence or absence of air. The air 
space will consequently be eliminated in the refilling of the indicator solution 
column. The refilling is facilitated by the use of a suitable filling bottle.

Discussion of the indicator’s accuracy

The indicator solution of the frost depth indicator freezes at o °C , inde
pendently of the surrounding soil. Since most soils also freeze at o°C , and 
since the instrument has been designed to assume the temperature of the ground 
at every level, the frost lines inside and outside of the indicator will normally 
coincide. The only exceptions will occur when the freezing temperature of the 
ground water is lowered below o°C  or when undercooling occurs and prevents 
entirely the freezing of either the ground water or the indicator solution. It 
should be remembered, however, that as long as the frost depth indicator is 
functioning normally, it will indicate the position of any o°C  isotherm in the 
ground, regardless of whether ground frost has actually appeared at that level. 
The position of the o°C  line can thus be found, for example, even in dry 
bedrock. This facilitates the detection of frost conditions near buried water 
pipes and other facilities.

The phenomena of undercooling and lowering of the freezing point must 
now be discussed further, since they are capable of affecting the meaning 
of the readings obtained with the frost depth indicator. Undercooling occurs 
when a liquid is cooled below its freezing point without the occurrence of 
freezing simply because there is no group of molecules present which will 
take the first steps in the formation of the first ice crystal. The phenomenon 
occurs quite normally, but is not often noticed outside the laboratory. One 
reason is that, in natural surroundings, there are usually ice crystals supplied 
to the water in the forms of snow, hail, hoar frost, and the like. Ice



crystals are the most effective possible nucleators of freezing, and furthermore 
the fact that ice can propagate itself through the pore system of many soils 
can be observed if one adds an ice crystal to an artificially undercooled soil 
sample. Consequently, the undercooling of the moisture in natural soils under 
outdoor conditions must occur relatively rarely. There is additional insurance 
against soil moisture undercooling because of the presence of many substances 
in soils, some of which may be capable of encouraging the water to nucleate 
spontaneously.

The undercooling of the liquid in the frost depth indicator is not quite so 
unusual. This liquid is sealed in, and has no opportunity to obtain nucleation 
from outside the instrument. The initial frost penetration into the ground may 
be masked by the undercooling of a frost depth indicator so that its entire 
liquid column retains the original blue appearance. Fortunately, nucleation 
usually occurs before the ground frost has penetrated very far, perhaps with 
the aid of vibratory energy when the instrument is installed in a roadway. 
When undercooling persists in one instrument out of a group, there is little 
chance for misinterpretation of the results; there is, however, a wasted oppor
tunity to learn something about the ground frost. Experiments are therefore 
in progress (1963) with a view to minimizing the undercooling problem.

Lowering of the freezing point is a phenomenon which occurs independently 
of undercooling. It occurs when water is incapable of freezing at o°C  regard
less of the presence of ice nuclei, and when water and ice can coexist in mutual 
contact at some temperature below o°C  on a stable basis. There can be a 
number of causes, including the presence of dissolved substances such as salts. 
The latter cause is theoretically always in effect for ground waters, but the 
resulting freezing point depression is normally small and can generally be 
neglected.

A more interesting cause is the action of mineral surfaces on nearby water 
molecules. An intermolecular influence causes the latter to cling tenaciously 
to their liquid status. This effect is extremely strong nearest the mineral 
boundary, but it tapers off rapidly with distance from the boundary so that 
the whole water layer affected is measured in terms of few microns (thousandths 
of a millimeter). Thus the depression of the freezing point is very high im
mediately next to mineral surfaces, but very quickly disappears at short distances 
from these surfaces.

Where soil pores are reasonably large, by far the greatest bulk of the total 
void capacity will be entirely unaffected by this phenomenon. Nevertheless, 
the liquid layers between the ice and the soil particles still exist. I f the soil 
particle structure can be visualized as a three-dimensional skeleton or frame
work, the ice can be thought of as a second skeleton interwoven with the first; 
the two do not touch each other but are everywhere separated by thin water 
films. The water films will be very thin in comparison with the thick ice “ ribs”  
occuring in coarse soils, and there will be no appreciable effect on the freezing 
point of the soil moisture in most cases.



The unfrozen water films become more and more significant with increasing 
soil fineness. The phenomenon can be understood from at least two viewpoints. 
From the first, the total surface area of the soil occupying a given volume 
quickly increases with increasing fineness, and the volume of surface water 
of lowered freezing point consequently multiplies also. Alternatively, it can 
be said that the dimensions of the soil voids decrease with those of the particles 
themselves; as the mineral walls therefore approach each other, a smaller and 
smaller proportion of the space between them is left to be filled by water freezing 
at the normal o°C.

When the particles have reached clay size, the water unaffected by the 
presence of mineral boundaries ordinarily will have disappeared altogether. 
The only water for which this observation does not hold true is that in the 
larger-scale openings such as cracks, worm-holes, and root canals. Since water 
can freeze in the larger openings before freezing in the microscopic soil voids 
is possible, it will begin to do so and will create a local dearth of water. Water 
migrates from the unfrozen soil mass to try to restore the equilibrium which 
had existed earlier, with two immediate results: first, the migrant water also 
freezes in the larger openings; and second, the soil from which the migration 
occurred is partly dried, so that the diminished quantity of remaining moisture 
will be yet more affected by the proximity of the mineral boundaries. The 
resultant continuous lowering of the freezing point will prevent the main mass 
of clay from ever freezing, under natural conditions at least.

The water in the macroscopic soil opening is not so restricted, and may begin 
to freeze at practically o°C. This can occur throughout the normally well- 
developed systems of cracks, etc., by propagation and/or spontaneous crystalli
zation. Because clay usually hardens and cracks while shrinking during desicca
tion, and also because the expanding ice masses can exert forces which may 
crack the clay, old openings tend to be widened and new openings formed. 
New centers for crystallization may thus be created during the process of frost 
penetration of clay.

The spring thaw is likely to find the ice content of such a soil well separated 
from the effects of mineral boundaries, by virtue of the migrations which will 
have taken place. The ice, then, will be quite normal, and will melt at o°C.

Traditionally, the “ frost line55 has been a more or less definite surface at 
which there is a marked change in the hardness of the soil layers. This basis 
of determination is superficially reasonable, but the occurrence of ice beyond 
the “ line55 shows it hazardous in the case of clays. Before the soil becomes, 
particularly hardened by the processes of ice segregation and clay desiccation, 
there is slow transition from the state where the first crystals appeared. The 
transition continues beyond any point which may be chosen as a “ frost 
line55, as long as lower soil temperatures continue to be encountered. The 
line chosen, then, is some point on a spectrum of soil hardnesses. There is 
every likelihood that it cannot be chosen consistently, and hence it may have 
different meanings for different persons, or in fact may have no definite mean
ing for anyone (although it may still have a useful if indefinite meaning to the



construction industry). In addition, if the clay overlies a coarser soil with a real 
frost line or even just a hardening line at a lower level, there is then a question 
of having two “ frost lines”  for a single frost advance. For these reasons, the 
term frost line should be applied only to the unmistakable o °C  isotherm, or 
whatever other isotherm it may be at which the ground water can exist in 
equilibrium with ice in the free condition.

If the ground water is of a composition that will allow it to freeze at o °G  
in the absence of mineral boundary effects, the frost line as determined by 
means of the frost depth indicator will coincide with the actual soil frost 
line if the preferred definition is used. However, the frost depth indicator does 
not always indicate hardness of the ground, except in soils where the hardening 
process takes place at o°C.

Observations on the hardening zone in frozen soils were made in 1935 by 
Beskow , who at the time followed the practice of calling this zone the “ frost 
line” . As one might expect, Beskow found the temperature of this zone de
pressed during the period of frost advance in fine soils. This is, of course, 
because the hardening process lags after the penetration of the o°line through 
the soil, and therefore occurs in sub-zero temperatures. Freezing of the pore 
water in fine soils cannot take place until there has been a migration to the 
centers of freezing in the larger openings, and this takes time if the soil is 
relatively impermeable, as the finer soils are. The lag is compounded if, at the 
same time, the frost advance is pushing ahead rapidly instead of waiting for 
the hardening processes to catch up. Beskow observed, “ . . . for coarse non
frost-heaving soils the temperature for freezing and thawing is practically the 
same, and is very slightly less than o°C. For frost-heaving soils there is quite a 
difference between the frost line temperature during freezing and thawing: the 
receding frost line temperature is o °C  or very slightly less, while the frost 
line temperature during freezing is considerably lowered, the more so the 
finer the soil is and the faster it freezes.”

To relate the o°C  isotherm with the old concept of a line determined by 
strength changes, the values of Tables II and III  can be cited. Table II shows 
temperatures which have been measured at “ frost lines”  in various soils, while

T A B LE  II  

(after G. Beskow)

Temperature of the Hardening Zone,
Soil Type Taken as the Frost Line

— °C

Limits Average

Medium sand (“ damp”  only, =  6°/o H2O) 0.015—0.02 —

Moey moraine, Enebyberg, Stockholm 0.02 — 0.08 0.05
Fine mo, S. Sunderbyn, Norrbotten 0.15 — 0.2 —

Light medium clay, Ram vik, Västernorrland 0.4 — 1.0 0.5



Frost Limits 
(0CC Isotherms) 
According to 
Frost Depth 
Indicator, cm 
below surface

Hardening 
Zone (with ic 

formation) 
Observed in 

Excavations, cn 
below surface

Soil Type

1

Moisture Content 
% by weight

Difference 
Between Frost 

Limits and 
Hardening 
Zone, cm

Remarks

Above 
“ Frost Line”

Below 
“ Frost Line”

o— 40 0— 40 “mjäley”  fine mo 74.I 39.6 O
0— 6 4 0— 62 fine-moey coarse mo 27.4 7*9 +  2
0— 5 6
0— 68

0— 57 
0— 68 “mjäley” fine mo

8.6
57.6

13-3
41.6

— I 

O
drilled

0— 100 0— 100 fine-moey coarse mo 21.8 15.4 O

0— 99 0— 98 » » » 15 *9 17-5 +  1
71 — i n 72— n o » » » — — +  I J “h I

64— 128 64—128 » » » — — OJ O

61— 136 
0— 43

60— 137 

0— 40
» » » 

heavy clay 19.8 16.1
+  i ;  “ I

+  3
excavated

0— 44 0— 40 » » 18.0 21.4 +  4
0— 37 0— 34 » * I9-3 19.6 +  3

Table III  shows the vertical difference in position between the o °C  isotherm 
as measured by the frost depth indicator and several such “ lines” . Unfortunately, 
the two tables present information for different sets of test locations, and for 
Table II it is not known whether the frost was advancing at the time of 
observation. The seventh to ninth observations in Table III  were made during 
the thaw. No very great depression of the temperature at the chosen lines, or 
difference in location between such lines and the corresponding o °C  isotherms, 
has been found. The only significant depressions and differences have been 
observed in clays. The “ frost line”  chosen by the field observers lay no more 
than 4 cm above the o°C  isotherm in the cases shown. I f  the frost had been 
advancing more quickly at the time of observation, however, this difference 
could have been greater.

Incidentally, from Table III  it would appear that the probable error of 
the frost depth indicator in giving the position of the o°C  isotherm is less than 
±  i cm, considering the difficulty of excavating exactly besides the instrument.

The quite apparent accuracy of the readings of the frost depth indicator is 
of little value if the instrumented location is not representative of the area of 
interest. The importance of preserving the natural conditions in the ground 
and in the snow cover has already been discussed. The natural variability of 
the soil and other conditions needs also to be considered in order that it does 
not upset the readings. Some soils, such as most moraines, are not at all homo
geneous in composition and moisture content, even in cases where the ground 
surface over them seems regular. Apparently homogeneous sedimentary soils 
can have variable water contents from place to place, for a variety of reasons. 
Furthermore, variations in the freezing exposure of the ground can exist from



place to place because of variations in snow and vegetation covers. All these 
factors can cause variations in the rate of frost penetration and hence in the 
depth of the frost line.

Frost depth indicators must therefore be suitably located, and employed in 
sufficient numbers to produce readings which will be correctly representative 
for the ground under study. I f  interpolation or extrapolation of the frost 
boundary is attempted, the surface cover and ground structure must be con
sidered.

Sphere of usefulness of the frost depth indicator

Several phenomena can be observed with the help of the frost depth 
indicator. Special points of time which are of interest are the moment of 
commencement of thawing and the moment when the last frost disappears. 
The position of the last remnant of frost in the ground is also interesting. 
In addition, the frost depth indicator makes evident the speed of penetration 
of the frost and the thaw, and the position and thickness at any time of the frozen 
and thawed layers. It is instructive to compare the rates of frost penetration 
in soils of differing structure or moisture content, and this can be done with 
the help of the frost indicator’s readings.

If observation of the instant when frost first enters the ground is hampered 
by undercooling, extrapolation of later-established readings back to the beginnings 
of frost penetration may be attempted. It is necessary in that case to keep in 
mind the weather before and during the early frost period. Frost penetration 
cannot begin without a preceding period when the ground surface first cools 
to the freezing point, and also cannot begin without mean air temperatures 
below freezing. For these reasons, ground frost cannot occur at the first sign 
of frosty air.

I f  many frost depth indicators are in use, one of them can usually be found
starting to freeze early enough to make the undercooling problem a small one.
As has been mentioned earlier, steps are being taken to reduce the problem 
still further.

The observations obtainable with the frost depth indicator can be put to use 
in studies of the following subjects:

1. Frost behaviour in roads, airfields, and other pavements;
2. Frost behaviour in fields and forests;
3. Permafrost behaviour;
4. Frost penetration in different soil types, and the effects of varying temper

ature, snow cover, and other factors;
5. Danger of frost damage to buried installations;
6. The existence of ground frost at earthwork construction sites;
7. The variations of the frost depth over large geographical areas, both for 

any given time and for the moment of maximum penetration.
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