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PREFACE

Although snow roads are of economic interest in
Canada, particularly to its pulp and paper industry,
there is as yet very little published information on
thelr construction and performance which is generally
avallable in English to engineers.

- As one contribution toward solving this problem
the National Besearch Council, through 1ts Associate
Committee on Soll and Snow Mechanics, is cooperating
with Professor Seheult of the University of New
Brunswick, on a project to evaluate current practice
in the construction and use of snow roads in Canada
and other countries of the world. One of the first
steps has been to translate into English the more
pertinent publications avallable on the subject.

Sweden, through experiment and field practice
has gained much valuable experience on the construc-
tion of snow roads. This translation is the first of
a series of reports to be translated which describe
this Swedlsh experience.

Ottawa, R.F. Legget,
February 1960 Pirector



COMPACTED SNOW AS A TRANSPORT SUBSTRATUM

Foreword

For a number of years SDA has been engaged in intenslve experi-
ments aimed at the establishment of rational methods of construc-
tion and maintenance of compacted snow roads. A summary of
previous exveriments and experlience in this field has been publlsh-
ed by Crown Forester A.C:son Leljonhufvud, Chief of the SDA(IZ)

For the winter 1955-1956 both SDA and the Army Fleld Englneer-
ing School (under Major Tore Rahmqvist) had plauned studies on
compacted snow roads. These studles were coordinated and were
carried out at Lycksele and in Alsbidcken, approximately five
Swedish miles (50 km) northwest of Lycksele. The Department of
Theory of Work of the State Institute of Forestry Research (Profes-
sor ULlf Sundberg, Director) also cooperated in the studles of
certain fundamental problems assoclated with the methods of
measurement.

Since one part of the test results seemed to be of certain
value for future research in thls field, the test procedures and
the probable errors in the test results have been reported in
detall, a fact whlich makes reading of the artlicle wearisome. The
writer has attempted to compensate for thls by making the chapter
"Views on the opening and maintenance of compacted snow roads",
which is based on the test results and on the practlical experlence
of the recent winters, somewhat fuller.

The present report is a complement to and an extenslon of the
previous publications and therefore does not claim to be a summary
of present knowledge in this subject. For the fundamental proper-
tles of snow, general rules for the use of compacted snow roads etc.,
the reader is referred to other SDA publicatlons,

On behalf of the initiators of this study the author wishes
to acknowledge the support glven to these experiments. Great
Interest in this study has been shown by Stora Kopparbergs Bergslags
AB and Mo och Doms)8 AB., . The officlals of these companies have
made many valuable contributlions to the work. The contacts with
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Statens Viginstitutet (State Institute of Highways), Mellan och
Sydsvenska Skogbrukets Arbelitstudier (MSA) (the Instiltution of
Work Studles of the Forestry Assoclation for Central and South
Sweden) and with Sveriges Msteorologiska och Hydrologiska Institut
(the Swedish Institute for Meteorology and Hydrology) have also
been valuable.

I wish to acknowledge personally the good advice and valuable
comments given to me by my chief and my co-workers at the SDA, by
Crown Forester Nils Natterqvist, Inspector Rune 6stberg and by
licentiate 1n technology RBune Eriksson.

The Obiect of the Study

The aim of the research activitles of the SDA in the field of
compacted snow roads 1ls to establlish effective methods for the use
of a snow substratum as an alternative to the conventional methods
of construction and maintenance of roads for different types of
tinber transport. Two phases can be clearly distinguished in this
fleld of research. The first phase includes fundamental studies
of the demands made by different types of transport on the beafing
properties of a snow substratum, the securing of information on the
variations of the bearing propertliles under different conditions
and the establishment of methods of construction and maintenance to
meet the requirements of the various forms of transport. The
second phase falls entirely wlthin the category of applied research.
Its ailm i1s to modify in practice the principles of construction
and malntenance to sult the requirements of the different types of
traffic and to compare the new techniques wilth the prevalent ones
from the economic point of view. Thils second phase of the research
1s naturally a long-term project. The conditions vary tremendously
from year to year for the different methods, and experiences of
several years are required before a given method can be recommended
or before the approximate limits can be determined for the applica-
tion of the different methods. Goo0d progress has been made in this
phase of research for some forms of transport. For hauling by



-5

horse for example, methods of opening and malintalning compacted
snow roads have besen developed which compare favourably from the
economic point of view with the method of deep ploughing. For
other forms of transport, for éxample hauling by trucks, we still
are in the first phase of research, although some methods of pro-
cessing snow have been developed wnich suggest possibilities of
improving the bearing strength of a substratum of snow.

I. Measuring Instruments Used in Experiments

The hardness of snow was determined by a proctor needle

(see Fig. 3). During the winter another apparatus for measuring
the hardness of snow was also developed. This instrument 1is
described in a separate chapter.

The density of compacted snow was determined by welghing
samples of snow taken with the aild of a cylinder 10 cm long with an
inside cross-section of 30.9 cm®. For loose snow a graduated (in
cm) tube, 150 cm long with an inside cross-section of 16.6 cm?,
wés used.

The drawbar pull of a vehlcle was registered with the aid of
a dynamometer, PM-dynamometer (see Fig. 1).

The traction resistance of the loaded timber sledge was

determined with a "work recorder" (Fig. 2). This instrument is
coupled between the vehicle and sledze. Traction resistance 1is
recorded on a strong steel ring and the distance travelled on a
measuring wheel which runs on the surface of the road. These two
factors, traction resistance and the distance travelled, are re-
corded with the aild of two planimeter mechanlsms, each of which 1is
conmected to its own counting mechanism. On these counting mecha-
nisms the product of the tractlon resistance and the distance
travelled are recorded, -indicating the total work done. The dis-
tance travelled 1s also recorded separately on a counting mechanism
connected to the measuring wheel. From these values the average
drawbar pull of the vehicle = tractlon resistance of the sledge,
can be calculated for the whole distance covered.
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The particle size of the snow was determined wlth a magnifyling

glass and a millimetre scale.
The temperature and the relative humidity of the alr were
measured constantly during the wnole perlod of experliments with a

thermo-hygrometer, enclosed in a ventilated case whlch protected
it from radilation. The case was placed 1.2 metres above the
compacted snow surface,

The temperature of the snow was recorded with thermistors.

The type of thermistor used in the tests consisted of two small
metal plates separated by a semiconducting material. A thermistor
changes 1ts electrical resistance with temperature in accordance
with definite laws.

ITI. Determination of Snow Hardness

l. Proctor needle

When a few years ago SDA started its fleld experliments with
compacted snow roads, one of the first tasks was to find an instru-
ment which would measure the bearing strength or the "hardness" of
snow under various condlitions. The proctor needle was selected
for this purpose (see Fig. 3). A proctor needle 1s a spring
balance which records the force exerted on a disc when pressed
against a substratum. In measuring the hardness of a snow road
the stress 1s recorded at the moment the plate penetrates the sub-
stratum. The load 1s measured in kilograms and the area of the
plate in cm®. The bearing-strength values are thus expressed in
kg/cm?2,

(a) Relationship between hardness and the size of the plate

The different sizes of plate gave different values for the
maximum load or "breaking" load per unit area on the same substra-
tum, greater values always being obtained with smaller plates. The
relatlonship between the area under load and the breaking load has
been discussed and explained by K. Eriksson(g) and A.C:son
LeijOnhufvud(lz). Before bearing-strength values obtained with

plates of different size can be compared quantitatively, an
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adjustment of the values to a upiform 8lze of plate must be carried
out. In a previously published SDA investigation, Eriksson(g)
recorded unadjusted breaking loads in kg/cm® and the sizes of
plates used, but Leijonhufvud(lz) and the author of this article
reported values which were adjusted to a uniform plate size of
22 cm?. The adjustments were made according to the results of a

(1)

specific relationship study.

Through a contact with the State Institute of Highways 1t was
learned that in recent years the proctor needle has been used for
determining the bearing strength of clays. The findings of this
work have been published by F. Hengmark(16) and A. Olhagen(6).
Olhagen has demonstrated the existence of a rectilinear relation-
ship between the mean breaking load and the reciprocal of the
plate diameter. This relationship can be expressed as follows:
tan a(a + %), where (see Fig. 4)

mean breaking load
diameter of the plate

QR b £ &
i

and a are constants which vary with the characteristics of
the clay.

The angle a increases with increasing hardness of the sub-
stratum. From measurements in which different plate sizes were
used on a large number of clay surfaces Olhagen found that the
curves tended towards a more or less constant value of a between O
and 1(%;). The best value was %. In computing the value of a the
scatter of this value for the different plate sizes was taken into
account. On a given substratum the scatter of the values from
individual observations increases as the size of the plate 1is
decreased. The values obtained with the smaller plates were there-
fore given less weight in the calculations than those from the
larger plates. Olhagen demonstrated that the empirically determined
relationshlip was also theoretically sound.

A re-examination of the relatlonship found for clay between
the breaking load and the size of plate was required for snow.
During the late winter of 1956 a series of measurements was there-
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fore carried out with different plate slzes on compacted snow roads
of different bearing properties. In each substratum 25 observations
were recorded for each plate and a mean value was calculated for
each plate. A graphic representation of the data showing breaking
loads (= w kg/cm?) on the ordinate and the reciprocal values of the
plate dlameter on the absclssa showed that the relationshilp between
these two variables could be expressed in comparatively rough
approximation as a straight line. When the reciprocal value of the
plate dlameter was replaced by the reciprocal of the plate area (%),
the stralght line seemed to fit the test data better. In order to
find out if the relationship could be expressed in the form of a
pencil of rays, the following calculations were made:

Different pailred values of w and S were assumed to be the
points of origin of the different pencils of rays. For each such
pencil of rays the sum of the squares of the deviation of the cal-
culated w value from the experimental value was found. The sum of
the squares (Q) was thus employed as a criterion for the correct-

ness of the adjustments. The minimum sum of the squares (Q ) was

obtained by graphical interpolation, for the point w = 1.1 :ég D -
1.75. The corresponding Q value was approximately 12.4. In order
to find a simple expression for w, the possibllity of placlng the
point of origin of the pencil of rays on a point on the abscissa
was studied. Q_, for w = O was 12.6 when & = -2.06, or in other
words the pencll of rays originating from this point showed almost
as good agreement as that from the "best" point with an arbitrary
w value. For comparison 1t may be mentioned, that the € value for
a parallel pencil of rays was as high as 35.2.

The best expression for the relationship between the maximum
load per unit area and the size of plate for the observations nmade
thus seems to be: ‘

w = tan a(2.06 + %).

In order to demonstrate graphically the agreement between the

derived relationship and the observed values a few curves drawn
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from the point w = 0, % = -2,06 are compared in Fig. 5 with the
results from the test data. The agreement seems satisfactory for
the higher values of w, which represent a range of breaking
strengths for which only plate sizes of 4 cm? or less can be used.
The agreement for the larger plates seems to be less satisfactory.
It has to be mentioned, that all plates were given the same welight
in the calculations. Had the larger plates been gilven a greater
weight on the grounds that thelir mean values have smaller coeffi-
cilent of varlation, the agreement would have been better for the
low bearing-strength values and poorer for the high values. Since
the most common sizes of plate used in such studies are 0.5 - 4 cm?,
and since the agreement wlthin this range was satisfactory when
ﬁnweighted mean values were employed, an adjustment was not con-
cldered necessary.

In order to eliminate the influence of plate size on the
measured bearing strength values, Olhagen introduced a term
"proctor bearing strength" = mean bearing load in kg/cm® obtained
with a plate size of 6.45 cm® or 1 square inch. This unlt was
selected for certain practical reasons.

As mentloned above, the bearing-strength values in the more
recent experiments carried out by SDA have been converted to the
plate 32(cm?).

As wlll be shown later, the possibility of subjective errors
by the person carrying out the proctor needle measurements on a
substratum of snow are too great to allow comparison of the results
of different experiments where the measurements have been made by
different persons.. The values of measurements made by proctor
needle ought to be taken only as relative values applylng to a
given study in which the bearing strength of snow i1s involved.

"The author therefore considered it unnecessary to use the same ' unilt
for the computation of the snow hardness as was used in the
previous studies(l’lz)._

In the exveriments feported in this article, plate sizes 1

and 2 were chiefly used, and in a few cases also sizes 0.5 and 4 cm?.
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For reasons assoclated with the calculations, the 1 cm?® plate was
chosen as the standard. For breaking loads obtalned with this slze
of plate the term "proctor value" is applied. What will be the
conversion factor by which the values obtained wlth other plate
sizes have to be adjusted? In discussing thils problem the results
of the calibration tests reported by Leljonhufvud (1951 and 1955
series) are compared with Olhagen's data on clay and with the
results described above by the author (1956 series). In all four
series the plate size 1 was glven the value 1.00 and the values
for the other plate sizes were indicated in relation to this
figure. The comparison for plates 0.5 to 4 cm? 1s shown in

Table I.

The variations in the values from the different serles are
probably due to many causes. The series of the years 1951 and 1955
were obtained from mid-wlanter snow, while those of the year 1956
were from the coarse-grained snow of late winter. These two types
of substratum probably affect the values of the serles. The
experimental results reported here were obtained almost entirely
under mid-winter conditions. Since Olhagen's series have an
intermediate position between the two mid-winter serles, the author
has chosen these data as a basls for rendering the values for the
dlifferent plate sizes comparable.

(b) Possibilitles of error

A compacted snow road in which the snow has been well mixed
before compacting shows increasing hardness with increasing depth
below the snow surface. When the hardness of the upper layer of
the snow 1s measured with a proctor needle, no definite break-
through point 1is obtained, since at constant load the plate first:
penetrates a relatively thin layer and is then stopped by the
harder layer of snow beneath. If the load is increased, the plate
breaks through this latter layer, but is stopped by the next
layer, etc. The same phenomenon is probably encountered if the
hardness of snow is uniform in the vertical direction throughout
the snow cover. Since the plate has compressed the snow beneath,
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a much greater load 1s in all probabllity required in order to
reach the breaking limlt and to achieve a step-by-step break-
through with increased loading as the plate is forced through the
sSnow cover(ZS). In most cases, however, such a definite fallure

is »roduced in the layer for which the hardness value 1s to be
determined that the reading can be taken without hesitation.
Occasionally, however, the'question of which break-through to read
may arise and, of course, the greater the increase of the hardness
from the surface to the bottom layers the more difflicult the cholce
Wwlll be. At the same time 1t can be assumed that different
observers may obtaln different values for the same substratum.
Another source of error 1s assocliated with the rate of loading up
to the breaking limit. In order to clarify these sources of error
two persons were asked to carry out measurements on the same sub-
stratum. The measurements were performed at noon when the tempera-
ture of the air was 0°C. The previous night had been extremely
cold and thus the warmed up surfacé layer was relatively loose and
the hardness of the road bed increased toward the bottom, which was
still cold due to the night time cooling. The conditions were

thus most unfavourable for proctor needle tests. Both observers
had had previous experience with the proctor needle, had recelved
the same instructions, but they d4id not have the same trailning.

The measurements were carried out on two different roads. The
results are shown in Table II.

As indicated in the table, observer G.B. generally obtained
higher values than B.A. and in two out of three cases the differ-
ences were considerable. Although the test conditions were the
worst lmaglinable and while 1t might be possible to obtaln greater
agreement from observers who had had the same training, these

experiments showed clearly that when the snow hardness is deter-

mined with a proctor needle, measurements for the same comparative

study should not be made by different people., On the basis of the

results of these experiments one would tend to disapprove entirely
the use of the proctor needle for comparative measurements of the
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hardness of a substratum of snow. However, in the hands of a
person who carries out measurements consistently, the proctor
needle 1s a sufficlilently relliable instrument. In the SDA experi-
ments on compacted snow roads all measurements durlng the recent
years have bzen carriled out by one and the same person.

2. Other methods of measuring saow hardness

The obvious disadvantazes of the proctor needle have resulted
in a search for other methods of determining snow hardness almed
at the development of a more objective method. In determining the
strength properties of the different types of soll several methods
have been employed. Most of these are complicated and designed
for laboratory use. A study of the literature in this field has
directed the attention to the simple drop device shown in Fig. 6.

Description: A stand which is supported by an iron ring is
provided with a vertical aperture through which passes a metal rod.

An lmpact body 1s screwed onto the threaded lower end of this rod.
In order to provide the freely movable part of the apparatus with
the desired weight for experimentation, an additional weight 1is
fastened to the lower part of the rod and 1s locked in position
agalnst the impact body. On the upper end of the bar is a milli-
metre scale, 0 - 150 mm, mounted in such a way that the zero mark
on the scale 1s in line with the upper edge of the aperture
(reading index) when the tip of impact body 1s touching the surface
of the substratum. The vertical aperture has a latech mechanism
which engagzes 1in notches on the rod thus locking the rod at a
certain height. The notches determine the height of fall in 5 cnm
intervals from 0 to 40 cm. When the latch mechanism is released,
the impact body drops vertically toward the substratum.

First a wedge with an edge angle of 30° and an edge length of
40 mm was tried as an impact body. Then two cones with generating
angles of 30° and 60°, respectively, were tested. The method 1s
based on the same principle as the cone method of the Geotechno-

(10) (16)

logical Commission and F. Rengmark's drop wedge method

which, however, are designed for laboratory use. The dimensions
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of the tested cones and the wedge were in part selected on the
basis of those of the above-mentioned instruments. The welghts of
the three impact bodles were chosen 80 that the movable part (impact
body, additional welght and rod) would weigh approximately 5 kg.

As in the case of proctor needle and most other instruments
for measurinz the bearing properties of a substratum, a great
number of vnhysical »roverties of the substratum deteruine the value
of the snow's "hardness" as measured by this method.

The proctor needle and the drop device with the two cones and
the wedge were compared under different condltions, always using
two or more methods for the same substratum. For example, the
following experiment was carried out. At the beginning of April
the differences between the temperature during day time and that
during the night were extremely high. A snow road (A) was compacted
early in the morning when the temperature of the air was -21°C.

The snow was fﬂrst‘gone over with a track-type tractor and then
compacted with a rail-roller and a sliding pontoon (see Fig. 8).
By using the same method another road (B) was compacted in the
afternoon when the temperature was -4°C. The next day the hardness
of the surface layer of the two roads was measured by all four
methods. Twenty-filve observations were recorded for each road and
each method. Plate 1 was used wlth the proctor‘needle, the helght
of fall was 10 cm for all the three lmpact bodies. The results
are summarized in Table III. The average values are gilven in
kg/cm?® for the proctor needle and in millimetres of penetration
for the impact bodies.

In general, all four methods led to much the same conclusion
in this test, namely, that the dilfferences in the bearing proper-
ties of the two roads were not significant.

Additional measurements were carried out on different snow
roads by using two or more methods simultaneously. For each series
of tests on the same substratum the standard error was calculated
as a percentage of the mean from 20 observations for each method
(Table IV).
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Table IV indicates that, as a rule, the impact bodles give
a2 smaller standard error than the proctor needle for the same
number of observations. However, the "sensltivity" of the dif-
ferent methods must also be taken into consideration. In Fig. 7
the relatlionshlp is shown between the proctor value and the pene-
tration in millimetres of the wedge for a drop of 10 cm. From
this relationship certain conclusions as regards the "sensitivity"
of the two methods can be drawn.

If the "sensitivity" of the different methods is taken into
consideration, the proctor needle was found to glve more reliable
bearing-strength values below the range of 15 to 20 kg/cm?®, while
the impact bodles seemed to give more reliable mean values for
substratums of higher bearing strength. When the different impact
bodies are compared with each other, the 30° cone seems to be more
sultable than others for the substratums to which these measure-
ments were applied. The wedge showed a greater standard error and
showed a less uniform performance>than the cones. For the range
of'hardness which 1s commonly found in the compacted snow roads,
the 30° cone seems to be more sultable than the 60° cone.

What scale should be used for measuring the strength of a

substratum? The Geotechnological COmmission(lo)

has set up a scale
of relative strength values in which a relative number of 10 1is
assigned to a substratum into which a 60° cone, weighing 60 grams,
penetrates 10 mm. The weight of a 60° cone which is required to
produce a 10 mm penetration in another substratum is then expressed
In relation to 60 gm. In his tests with a wedge Rengmark(16) has
used the term "wedge-strength value", which indicates "the total
work calculated in mechanical work units (kilogram-metres, etc.),
which 1s requlired to produce a penetration of 10 mm into a soil
sample by a freely falling wedge with a 30° edge angle and a 40‘mm
edge length"®. The work (A) 1s expressed as the product of the
weight of the wedge (G) and the drop distance. The drop distance
i1s the sum of the helght of the fall (F) and the depth of penetra-
tion (N). Rengmark found that for any glven substratum there was
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a rectilinear relationship between NG * (F 7 N) and N and that this
relationship held for a wide range of N, G and F values. When this
relationship was calculated for the different degrees of hardness
and transferred to a system of coordinates, a pencll of rays with
a common point of interscction at the origin was obtained for
various types of coheslve solls.

In this way the "wedge-strength value" for any drop distance,
any wedge welght and any penetration can be calculated from a
simple expression. The rectilinear relationshlp between the total
work and the penetration, however, presupposes a homogenelty of
the substratum which is seldom found in a compacted snow road where
the hardness often varies with the layer depth in the road. If
one wishes to use a scale such as the above "wedge-strength value",
which 1s tied to a certain N value, the actual measurements have
to be in the vicinity of that N value. The proper way 1ls to take
one A value on each side of that N value and then interpolate be-
tween these two, assuming that the ¥A,N-curve is a straight line
within this range of N values. This can be done, of course,
provided that the welght of the wedge and the drop distance can be
varied within a wide ernough range so that for every actual sub-
stratum a venetration is obtained which is rlose to the N value to
which the strength value is tied. TFor the 30° cone, 40 mm seems
to be a sultable penetration to be used with the drop apparatus
employed in this study.

The simplest way to obtain a snow hardness measurement with
a drop apvaratus 1s, of course, to employ a constant height of fall
and to measure only the penetration into the substratum. In
choosing the weigh% of the cone and the distance of the fall it is
necessary to reconclle two opposed aims. If a small weight and a
small height of fall are chosen a wider range is achieved for the
apparatus, but the method becomes relatively insensitive at higher
degrees of hardness. With a greater weight and height of fall the
apparatus becomes more sensitive but the range 1s reduced. Accord-
ing to exverience galned from measurements during the winter, a
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conz welght of 3 kg combined with the height of fall of 10 cm
seemed to be the most sultable.

3. Summary of views on apparatuses for measuring hardness

The results of measurements of a snow substratum with a proctor
necdle are often greatly influenced by the person performing the
tests., Therefore, all the hardness measurements taken with that
Instrument in the course of a given experiment must be carried out
by the same persoun if the different phases of the experiment are
to be comparable. A certain degree of experlience also seems to be
desirable 1n order to secure consistent readings of the instrument
under different conditions. Where different sizes of plate are
used in the different phases of an experiment to be compared with
each other, a source of error has to be taken into account when the
measured values are adjusted to a single plate size. This source
of error is eliminated i1f only one plate size is used during all
pnases of the experiment. A limiting factor here is, however, the
load range for a given plate size. The readings are difficult on
the parts of the scale iudlcating the highest and lowest values. If
the scale range is from O to 50 kg, the plate size must be chosen
sO that the readings will fall within the limits of 5 and 40 kg.

In addition, the instrument must be calibrated from time to
time since its spring may be subject to fatigue.

If the above-mentioned requirements are taken into considera-
tlon a proctor needle is sufficiently reliable for comparative
measurements of hardness. The instrument 1s easy to handle and 1is
relatively sensitive. The source of error due to the person who
uses it 1s, however, a great disadvantage for the method and may
render any objective and detalled comparison between the test
results of different workers impossible. ‘

The simple drop apparatus which was constructed during the

winter makes possible an objective recording of the snow hardness.
Of the different impact bodiles tested, a cone with a 30° acute
angle seemed to be the most sultable. The type of scale needed
for evaluation of the snow hardness could not be determined as



the data collected for this purpose were too limited. Two possi-
bilities are discussed. One is to record the resistance, calculat-
ed in kilogram-metres between the snow and the cone for a given
penetration after free fall. As a standard, a depth of 40 mm 1is
recommended. For the second method, a constant wedge welght and

a fixed fall distance (3 kg and 10 cm, respectively, have been
recommended) are used and the penetration in millimetres is re-
corded as the hardness.

The present design of the drop apparatus limits 1ts use to
flat or only slightly sloping ground. The possible errors arising
from a cone falling against a steep slope are not known.

The drop apparatus 1s not as convenient as the proctor needle
and the working speed is slower.

The drop apparatus was not completed before the end of the
test period. The hardness measurements reported below were there-
fore made entirely with the proctor needle. Every reported hard-
ness value in this paper is a mean value from 25 observations and
1s expressed in kg/cm?, adjusted to the plate size of 1 cm®, un-—
less otherwise indicated. All the measurements were carried out

by the same person.
The term "bearing étrength" below refers to surface hardness

expressed as the proctor value.

ITI. Different Methods of Processing Snow

One of the alms of the experiments on compacting snow carried
out by the SDA has been to find simple and inexpensive methods and
equipment for the construction of snow roads. In the traditional
method the snow is first processed throughout the road bed with a
deeply penetrating track-type tractor and then dragged. With this
method a certain time must generally be allowed for the snow to
harden between compacting and dragglng, otherwise the drag pene-
trates too deeply into the snow, producing an inferior road surface
and at the same tlme requiring more pulling power.

(12)

Lel jonnufvud has reported and discussed the earlier
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exveriments employing different methods of proc&ssing of snow and
has demonstrated empirically the great importance of hrealting up
and mixing the snow before compacting it where the road is
established Airectly 1n deep snow. The research actlvities are
directed towards the development of a tractor-driven combine in
which the mixing 1s performed by one part of the equlipment and the
compacting by another. The aim has been to make a road in omne
pass. The work has been continued and the results of the tests
carried out during the last winter are reported below,

1. Comnaratlve exveriments with certain equipment and methods

During the winter of 1955-56 the followlng equlipment was
tested.
Roller of Finnlsh type (See Fig. 8): The roller consists of

three circular wooden discs mounted on a common axle and jolned
together on their clrcumferences by rails alounz the generating
surface of the drum. The roller 1s attached to a frame made of
U-beams which serves as a tow geér. It is provided at the rear
with hooks for the suspension of welghts. The effective width of
the roller is avpproxinately 2.0 me This type of roller 1is used in
Finland and has also been tested 1n Sweden by the Stora Kopparbergs
Bergslags AB for construction of compacted snow roads. It mixes

and compresses snow. In this paper it is referred to as the

rail-roller.

Power-take-off driven rotary tiller (Settersren tiller)

attached to a Ferguson tractor (see Fig. 9): The tiller has a

prong mechanism mounted on a rotating axls placed at right angles
to the direction of motion of the tractor and connected to a
hydraulic holsting mechanism. The working depth is controlled by
an adjustable runner. The tiller has an effective width of 75 cm
and 1s operated at a speed of 500 rpm. Its function is to §£;r
and mix the snow.

SDA_sliding pontoon (Fig. 8): The sliding pontoon (earlier
known as "“packoped") consists of an iron plate with a parabolic
curvature mounted in a fréme. In the model used in the experiments
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the position of the iron plate was adjustable so as to produce
various specific pressures against the substratum. The pontoon
can be loaded with additional weights. The model used during the
experiments had an effective width of approximately 2.0 m and
weighed 180 kg. It levels and compacts the snow.

Closed roller. By covering the above-described rail-roller
wlth corrugated sheet-metal which could easlily be removed and
replaced during the experiment, a roller, which had a compacting
effect only, was produced. In this report 1t is referred to as
a closed roller (plgtvélt).

Conventional wooden drag (see Fig. 10): The test drag had
three blades. The total contact-area of the blades was approxi-
mately 4000 cm®?. The total weight, including the additional
welghts, was 142 kg, the pressure of the drag against the substra-

tum being thus approximately 0.035 kg/cm?.
The above-described equipment was combined in the varlous

ways described below and roads ld to 15 m long were compacted.
Methods

l. An Oliver 0OC3 tractor was driven three times "track to track"
over the section of road to be compacted, thus working the
snow down to the bottom. After a certain time the drag was
towed once over the road by the same tractor. The time be-
tween processing and dragging was three hours if the temperature
was below -10°C, and approximately 24 hours if the temperature
was higher.

2. The snow\was wprked over with the Oliver 0OC3, "track to track",
after which the tractor towed a closed roller and sliding
pontoon once over the section of road.

3¢ The Oliver OC3 first made a track and then towed a rail-roller
with sliding pontoon once over the section road.

4. The Oliver OC3 made a track and then towed first a rail-roller
and afterwards a closed roller once over the road.

5. The Oliver 0OC3 made a track and then towed a rail-roller once
and afterwards a rail-roller with sliding pontoon once over

the section of road.
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6. The Oliver OC3 made 2 track and thea towed a rall-roller once
and closed roller with sliding pontoon once over the road
segment.

7. The Oliver 0C3 towed a half-tracked Ferguson tractor with
rotary tlller attached once back and forth over the sectlon
of road. It then pulled a sliding pontoon once over the road.

It should be mentioned that not all the above-fdescribed equip-
ment and methods are considered ready for practical use. The pur-
pose of these experiments was to compare different processing
orinciples. The comparative tests were carried out in a swamp at
the SDA Experiment Station in Lycksele from January 9th to
January 2lst 1956,

The experiments were arranged in such a way that two or more
combinations were tested more or less simultaneously. This was
repeated several times. Every repetition was designated as a
series. In every series method 1 was included as a control method,
as 1t had hitherto been the most common method of constructing
compacted snow roads.

The depth of snow increased during the experiments from 70 to
90 cm. The Oliver OC3 was equlpped with standard tracks and could
not pull the equipment ilmmediately in the loose snow. It was flrst
necessary to open a tracke.

In the experimental road, sections constructed by the above-
described methods the snow hardness was determined with a proctor
needle both at the surface of the road (bearing strength) and at
a depth of 20 cm. In each serles the hardness values at the sur-
face and at 20 cm depth for method 1 were given a relative value
of 100. The respective hardness values obtained with the other
methods for each series were expressed in relation to the method 1
value. In cases where the deep snow was considered to have been
processed by the special equipment used and by the tractor, the
hardness at the 20 cm depth was determined between the ruts of the
vehicle. The results are summarized iIn Table V. It should be
emphasized that in the comparisons the bearing-strength values and

the snow-hardness values at a depth of 20 cm are dealt with
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separately. Data on the significance of the difference between
the valuss of édifferent methods have been recorded in the same
table.

It can be seen from Table V that in some respects the results
are relatively uncertain, resulting frdm too few comparisons in
some cases, bubt are declsive in many other instances. The

following conclusions have been drawn, taking into consideration

only the strength values wnlich were determined.
Methods 3 and 4 gave approximately the same bearlng-strength

values as method 1, whereas methods 2, 5 and 6 gave values
approximately 40 nercent above those of the basic method (method 1).
The rotary tiller and sliding pontoon combination gave conslider-
ably higher bearing-strength values.

At 20 cm depth the same hardness was obtalned by processing
snow withn the tractor in both method 1 and method 2, although a
closed roller and a sliding pontoon were used as compacting
equipment in method 2. If a snow cover 1s exposed t0 a certain
load, the stress decreases in the substratum with increasing depth

<22). Figure 11, reproduced from SIPRE Report 13,

of the snow
11lustrates this phenomenon. At a depth of 20 cm only a fraction
of the initial surface stress is present. As compared with pro-
cessing by the tractor, the rail-roller producea a definitely lower
nardness in the snow at a depth of 20 cm. When the rail-roller is
pulled twice over the road instead of only once, the hardness of
snow at this depth seems to increase but little (compare 3 and 5).
The rotary tiller produced a considerably greater hardness of snow
even at the depth of 20 cm.

What concluslons of vpractical importance can be drawn from

the results of these experiments? It 1is known that basic method 1

generally produces roads of adequate bhearing properties for horses
and track-type tractors. Of the two methods which produced almost
the same bearing-strength values (methods 3 and 4) method 3 seems
to be preferable because of 1ts simpllcity. Is the hardness at
the greater depth, however, sufficlent to produce a bearing
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strength comparable to that of method 1? Here Fig. 11 can be
consulted again - it shows that the primary and deciding factor,
up to a certain limit, is the surface hardness of the road. This
1limit is, however,'sometimes exceeded by the traffic on roads
which have been compacted by the "Weasel" tractor. 3Such roads
develop, as a rule, a hard surface layer, but the unprocessed
bottom layer consists of loose- and coarse-grained snow(IZ). When
the surface layer becomes loose, during mild weather, the vehicle
may break through this layer. On the basls of data published by
Leijonhufvud(lz) and the results of the experiments of 1954/55, a
road compacted by the "Weasel" in January or later (when the coarse-
grained layer of the loose snow in the bottom layer has become
relatively thick) may be expected to have a hardness of 20 to

40 percent of that of a road produced by method 1. Since the cor-
responding figures obtained with a raill-roller and a sliding
pontoon are 60 to 70 percent, the depth processing by thls method
can be considered satisfactory. The traditional method produces a
hardness in the deeper layers which 1s unnecessarily high for
horses and track-type tractors.

Of methods 2, 5 and 6, all of which are superior to methods 1
and 3, method 2 seemed to be the most practical as far as the
compacting effect is concerned. The possibllities of using this
method will be discussed later.

The methcd employling a rotary tiller and a sliding pontoon
was superior to all other methods. It produced a road which had
a great hardness throughout. It i1s obvious, that this method
produces roads with adequate bearing strength for horses and
track-type tractors. This bearing-strength requirement however,
can be satisfied with considersbly simpler and less expensive
methods. In order to find out if the method produces roads with
adequate bearing strength‘for wheeled vehicles also, including
cases where the road 1is established directly in snow of consider-
able depth, specific tests were carried out, the results of which

are to be reported in a later chapter.
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It should be pointed out that the rall-roller and rotary tiller
both reduced considerably the depth of the undisturbed snow, 40 to
50 percent in the first case and 50 to 60 percent in the latter.
The bearing strength of the snow is increased substantially if
these implements are followed by compacting equipment.

The rail-roller and sliding pontoon combination was considered
almost ready for practical use, and the properties and working
principles of these were studied in detail.

2. Testing the rall-roller and sliding pontoon combination

In order to study the operation of the roller in snow the
following experiment was carried out. A winch was used to pull a
rall-roller and sliding pontoon. over an undisturbed snow cover,
Next to this area g Weasel tractor towed the same equlipment over
the snow cover after first producing the tracks. Thls experiment
was repeated using a deep-penetrating track-type tractor, a
Fiat OM* equipped with Alfta tracks. The depth of the snow was
then measured in the prepared test areas. The results are shown in
Figure 12.

The graph shows clearly that the compacting capacity of a
rall-roller with a sliding pontoon in deep snow depends strongly
on the vehlcle used for towing the equipment. The compacting
capaclty of the equipment alone in unmixed snow is rather limited.
When 1t 1is pulled by a vehlcle which does not penetrate deeply
into the snow, the ruts probably glve some support to the processing
equipment, making the performance of the equipment unsatisfactory.
When pulled by a deep-penetrating vehicle, however, a substantial
compacting effect Is obtained. Nevertheless, i1t seems that the
working depth of the rail-roller was not sufficient for mixing
the coarse-grained snow in the bottom layer. The bearing strength
of the experimental road area was relatively lowe. ‘

A few tests were carried out with different working angles anrd
with different loads on the sliding pontoon in order to find out to

* A track-type tractor with Diesel motor which when equipped with
Alfta winter-tracks, welghed approximately 4 metric tons.
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what extent these factors affect the bearing strength of the road.
Three serlies of tests were performed. The results are summarized
in Table VI where the bearing-strength values are expressed as
relative figures. For each setting of the sliding pontoon the
bearing strength obtained with an unballasted pontoon 24 hours

after compacting has been given the numerical value of 100, and/'
the bearing-strength values recorded for pontoons with a given bal-
last are expressed in relation thereto. Secondly, the bearing-
strength value obtained with the sliding pontoon set at an inter-
medlate working angle for each test load 1s taken as 100 and the
strength values obtalned with large and small working angles for
this test load are recorded in the table as relative values. The
bearing-strength values referring to working angles are given in
the table in parentheses.

Although the variatlons were relatively great, malnly due to
the difficulties of creating similar conditions for each test, the
results have generally provided answers to the questions formulated.
The compacting effect of a sliding pontoon was improved consider-

ably when the weight of the pontoon was increased. Also, in

almost every case a lower surface hardness was obtained with a
medium working angle than with either the largest or smaller
possible working angle of the experimental sliding pontoon. For
practical reasons the use of the smallest working angle 1s not
feasible. In that position the front edge of the pontoon is forced
downwards and pushes some snow ahead of it. This is probably why

a high bearing strength 1s obtalned after compacting with a pontoon
set at a small working angle.

3. Traction resistance

Traction resistance studies were carried out in connection
with test serles 3 using the above-described compacting equlpmént.
A dynamometer was coupled between the tractor and the compacting'
equlpment, consisting of a sliding pontodn set at different
working angles and provided with different test loads. The PM dy-
namometer enabled readingé to be made to the nearest
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25 kiloponds™®*, but values could be estimated to within 10 kp. The
traction resistance estimates were naturally very approximate, but
the only purpose of the study was to obtain general information

on the problem involved. Series 3 was later supplemented with
traction resistance measurements carried out under similar condl-
tions (series 4). The results are recorded in Table VII.

The results show that the tractlon resistance is at a minimum
at the intermedlate working angle of the sliding pontoon. The
high traction resistance at the smallest working angle 1is due to
the penetration of the edge of the pontoon into the snow. It 1s
obvious that the traction resistance also increases when the
working angle of the pontoon is increased.

Side by side with the compacting tests, experiments were
carried out with different types'of vehicles for the purpose of
comparing the behaviour of tue venicles in loase and compacted snow
under different conditions. Thils included a test of the pulling
power of the vehicles in deep loose snow. The test was conducted
by mounting a dynamometer on'the braking vehicle and making a
reading at the moment the tracks of the pulling vehlcle began to
slip. The drawbar pull up to fhis limit had increased contlinuously
from 0 kilopond to the feading at which the tracks lost thelr grip
on the substratum. The pulling vehlicle was braked the whole time,
keeping 1t stationary. Three tests were made for each gear position
which brought about slipping of the tracks. These experiments
were carried out on a flat substratum of loose snow, 90 - 95 cm
deep on February 8. The followlng approximate maximum values (with
"besi gears") of drawbar pull were recorded for some of the most

common tractors:

* 1 kp (kilopond) = 9.80665 Newtons (N)



Drawbar pull at the moment

Tractor of slipping

Fiat CF and Cletrac HG 42, both equip-

ped with Alfta winter-trackSeeeceoees 400 - 500 kp
Flat OM with Alfta winter-tracks and

‘Fordson Major with SDA wheel-tracks.. 800 - 1000 kp
Vessla ("Weasel"), originalecceeecessens 600 - 700 Kkp
Nordwerk snow tractore.cceceserreroveses approx. 800 kp

It must be emphasized that these results represent only a
single exneriment and as such have to be regarded as examples of
the pulling power of the vehicles in deep, loose snow. They cannot,
therefore, be compared directly with the traction resistance values
of the compacting equipment recorded in Table VII. However, since
the depth of snow was approximately the same, and the properties
of the snow d4id not differ too greatly in the two experiments, cer-
tain conclusions can be drawn from the approximate orders of magni-

tude for the respective experiments. Only a certaln proportion of
the drawbar pull recorded during the above-mentioned tests is avail-
able for pulling the snow-processing eauipment in the snow. A great
deal of this force 1is required for moving the pulling vehicle itself,
because of the resistance of the snow to the vehlcle. The propor-
tion of the total pull lost by a glven vehicle in this way depends
on the bearing properties of the snow, .

The drawbar pull of the small tractors (Fiat CF 25 and Cletrac)
equlipped with commercially avallable tracks seems to be adequate
for pulling a rail-roller and an unloaded sliding pontoon on level
ground at the depths of snow mentloned above.

For the larger tractors there seems to be a ccrtain margin
for loading the pontoon on level ground. However, it must be
vointed out that the drawbar pull of the vehicle decreases rapidly

in loose snow with increasing uohill grade. For example, a Fiat OM

was able to move only with great difficulty in a depth of snow of
approximately 1C0 cm with unballasted equipment up an estimated

2 - 3 percent grade. Although this difficulty may be eliminated

In many cases in practice by equipping the vehicle with a winch, it
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is evident, that the drawbar pull of the common vehlcles which are

used in snow, is a restricting factor in using the tested compactine

equipment. In a depth of snow of less than 50 - 60 cm this 4dif-
ficulty usually vanilshes because most of the above-mentioned
vehicles make contact with the ground when they lose tractlon on
the grade and are thus able to continue on thelir way.

Appraisal of methods on the basis of the experimental results.

Since the various combinations constitute heavy loads in rotation
to the drawbar pull of most of our tracpors in loose snow, the
desired productlion of a road in a single pass can be realized only
i1f the snow 1s less than 50 - 60 cm deep. Up to this depth light
tractors, even the lightwelight "snow-weasel", can be used to tow
the compacting equipment. Beyond this depth, heavier deep-~pene-
trating tractors must generally be used to pull the present-day
rollers. A larger tractor is required for greater drawbar pull,
and a deep-penetrating vehlcle 1s needed for the efficlient use of
the processing equlpnent. Shallow ruts prevent the roller from
penetrating deeply into the snow and mixing it properly. If the
depth of the snow is more than 90 - 100 cm, the compacting equip-
ment produces roads of low bearing strength no matter what type of
vehicle has been employed.

The sliding pontoon should be loaded to the limit of the
vehlcle's drawbar pull. The bearing properties of the road will
be greatly improved. The working angle of the pontoon with respect
to the snow should be quite large.

4. The power-take-off driven roller

The limiting factor for the use of the relatively simple and
practlical combination of raill-roller and sliding pontoon has been
the drawbar pull of the tractor. In preparing the SDA winter
experiments in Vinliden, Crown Forester C.E. Malmberg (SDA) prd—
posed the idea of making the roller power-take-off driven. The
relatively poor grip that the tracks of a tractor have on loose
snow means that only part of the total engine output 1s utilized
for the progress of the vehicle. If a power-driven roller 1ls used,
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the roller doés not have to be pulled and the "surplus-power" of
the engine, because of the good ground traction of the equlpment,
can be utilized for the progress of the tractor. The Sandbergs
Mekaniska Verkstad in Stensele took up this idea and in the late
winter produced a prototype of such a roller (see Filg. 13). This
working model was similar in principle to the rail-roller described
above. The snow processing part, however, was made of plate iron
and the effective width of the roller was only 136 cm. The drum
axle was driven from the drive shaft of the tractor. The tractor
was fitted with a speclally coustructed power-take-off behind the
gear box and the roller was operated synchronously with the tractor
in all gears. The coupling was made 1n such a way that the peri-
vhery of the roller had approximately 10 percent higher velocity
than the tracks of the tractor. Thlis was done in order to bring
about a more intensive processing of snow by the roller(5).

The roller was tested during the late winter only. It seemed
to fulfill expectations with regard to assisting the forward motion
of the tractor even in great depths of snow, while at the same time
the processing of the snow was more intense than with a rail-roller
pulled by a tractor.

It would seem appropriate to glve the roller a greater effec-
tive width (the working model tested was intended for roads for
horse-drawn traffic) and to add a sliding pontoon or some simpler
compacting tool to the equipment, because the bearing strength of
the road thus can be improved conslderably as compared with treat-
ment by roller alone.

5. Other methods of processing snow

Most of the known methods of snow processing have been des-
cribed by Leljonhufvud(lg) who has also reported on those methods
which were tested by the SDA during the winter of 1954-55. No |
detailed descriptions of these methods will therefore be given
here.

Interest in compacted snow roads has been very high in the
U.S.A., Canzda and Russila for various reasons. The conditions for

‘mechanizatlon in these countries are at present different from
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those here. Relatively large and complicated machines have been
used there which process the snow intensively and are followed up
by large closed rollers welighing several tons. Such equlpment 1s
in general use for the construction of airflelds in arctic regilons.
The author recently found in the literature a short description of
an apparatus for bullding airfields of snow.. Thls machine 1s
called "Pulvimixer" and is described in an American journal* as
follows: "The Pulvimixer, with its tilter-like prongs, tears up
several inches of the surface snow and throws 1t into the flames
of eight huge blow torches. The snow 1s partially melted and
returned to the ground to be smoothed by a rear drag blade of the
Pulvimixer. Immediately behlind come wobbly-wheel pneumatic rollers
and corrugated-iron rollers which compress the snow as 1t refreezes."
It 1s mentioned in the article that an aircraft equlipped with
wheels landed on the airfield 72 hours after the compacting.
Although these methods seem too complicated and expenslve for
our conditions, the processing principles ought to be taken into

consideration in future researche.

IV. Hardness of Compacted Snow under Various Conditions

The basic physical processes 1n a snow cover, both in the
natural condition and in the compacted condition, have been des-
cribed by Eriksson in the forestry publications(g). Lei jonhufvud

and the author(l) have also reviewed these brlefly so that 1t 1s

(12)

unnecessary to do so againe In the course of reporting on obser-
vations made during recent winters the author hopes to explain
some of the important processes which take place in a road bed.

The experiments described below were, unless otherwise stated,
carried out in Alsbicken, approximately five Swedish miles north-
west of Lycksele. Almost all the experiments were performed in a
small, relatively wind-protected area during the month of February

* Snow airfield construction. The Military Engineer Vol. XLVII,
No. 317
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and the beginning of March, 1956. The snow conditlons were almost
uniform over the whole area owing to its protected location. This

fact, and the relatively stable prevalling climatic conditions,

facllitated comparison of the various experimental methods.

1. Density of snow, temverature and perliod of time after

compacting

On the experimental area in Alsbicken four roads were compact-

ed on the 14th of February at a temperature of =19°C and a relative

humidity of 87 percent, as follows:

Boad No.

1

Method of compacting
The snow was first mixed. A Flat OM (with Alfta
winter-tracks) pulled a Ferguson (half-tracked) to
which a tilller was subsequently attached. The Filat OM
then pulled a rail-roller and a sliding pontoon loaded
with a 300 kg ballast once over the road sectlon.

The Flat OM processed the snow by repeated "track-to-~
track" treatment and then pulled a rail-roller and a
sliding pontoon with a 300 kg ballast once over the
processed Snow,

The Fiat OM pulled a rail-roller and a pontoon with a
300 kg ballast directly over the untreated snow.

A raill-roller with unballasted sliding pontoon was
pulled directly over the untreated snow by means of a
winch. The depth of the snow was 100 cm.

The temperature, hardness and density at the surfaces of these

roads were then determined. The temperature was measured with a

thermistor which was inserted in the road so that the upper edge

of the thermistor was level with the surface. The hardness was

measured with a proctor needle and the density in the upper 10 cm

was determined with the sampler described on page 5. These mea-

surements were carried out as the opportunity arose during the

"walting periods" between .the tests, generally in order to "see

what was hanpening". Whenever fresh snow fell on the road it was
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immediately swept off.
The analysis of the test data showed that the density of snow

had increased during the perlod of measurement 1n all test roads
(see Fig. 14). The density of the snow 1s recorded as the mean
value of four measurements for each test, with the exceptlion of
the first series of determinations where only three measurements
were taken for each road. The high variability ¢f the results
for road No. 1 is due to the extreme hardness of this road which
made the sampling very difficult.

The causes of the increase in the density of the snow are, of
course, open to discussion. Consolidation of the upper layer of
the snow due to melting must be ruled out, since the temperature
during the'period of measurement was never above the freezing
point. Nor could condensation of water vapour from the atmosphere
in the upper layer of the road be claimed, since during the winter
the sublimation of snow generally exceeds the condensation of
moisture. The author bhelleves the increase in density in the upper
layers to be due mainly to the transport of material from the
lower layers upward. This transport takes place in form of water
vapour originating in the relatively warm bottom layers of snow
and the substratum, and freezing again in the colder upper layers
of the road. The prerequisite for such a condition 1is a decrease
in temperature from the bottom towards the surface - a temperature
gradient - which is practlically always present during the winter.
The water vapour thus ascends, so to speak, step by step through
the road bed as a result of this gradient. In principle, water
vapour moves away from high vapour pressure conditions to lower
vapour pressure conditions, and the vapour pressure of ice dccreases
with decreasing temperaturé (snow consists of ice particles mixed
with air). Water =vaporates most easily from the highly convex
surfaces of the snow particles, such as oonen corners and edges,
and refreezes on slightly co;i~x, plane nd concave ice surfaces,
or in other words, on the iniividual lar 2 crystals and at thelr
common bonds, During the'pravious wint.1rr the author proved
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experimentally that the above-mentlioned movement of molsture is

one of the reasons for the hardening of a road after compacting.
These measurements were carrled out during the time when the roagd
was "freezing-solid", i.e., as a rule during the 24 hours following
compacting(l).

In order to determine whether the increase of density during
the 20-day period of measurements was accomvanied by an increase
of hardness during the same period, the following experiment was
carried out. Two road sections were compacted on the 4th of March
in the experimental area at a temperature of -13°C and a relative
humidity of €5 percent using approximately the same methods of
compacting described above for test roads No. 1 and 2. The depth
of snow was 90 to 95 cm. During the 24 hours following the com-
pacting treatment the weather was clear to partially clear and
showed fluctuations in the temperature. During this 24-hour
period the temperature and the surface hardness were repeatedly
measured 1ln both roads as the temberature Increased from the
minimum to the maximum and again as it decreased from the maximum
to the minimum. This was done in order to avoid any systematic
error due to the hardening lagging behind the temperature change
or to some similar phenomenon. The results are shown in Fig. 15.
The roads are designated as l-a and 2-a. The témperature ranged
during the measurements from -9.7 to 29.5°C. The relationship
between temperature and bearing strength for both roads during this
period of time could be expressed as a straight line.

Road 1l-a: P = 6.84 - 0.63 ¢t

Road 2-a: P = 4.04 - 0.33 t, where p 1s the proctor value and
t is temperature in degrees centigragde.

In order to test the utility of this approximation the follow-
ing procedure was applied: During the second half of February‘
several test roads were prepared in the experimental area in the
same way as roads 1 and l-a. The surface hardness and the tempera-
ture of these roads were determined by the routine methods used
for roads 1 and l-a as a rule 24 hours, but sometimes 48 hours,
after compacting. The results of these measurements together with
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data of the first measurements for road 1 (48 hours after compacting)
were also included in the graph on Fig. 15. With few exceptions,
the values are concentrated satisfactorily along the straight line
and its extension on the graph.

Applying the relationshlip between surface temperature and
surface hardness found to exist for roads l-a and 2-a, a test was
made to determine if an increase in hardness had taken place in
roads 1 and 2 during the period of measurement. This was carrlied
out by expressing each proctor value obtained for roads 1 and 2 as
a relative value of the corresponding proctor values for roads l-a
and 2-a. For example, eleven days after compacting a hardness
value of 33.5 kg/cm® was measured for road 1 at a temperature of
-20°C. According to the equation P = 6.84 -~ 0.63 t a hardness of
19.4 kg/cm® will be obtained for road 1l-a at this temperature.

The relative value is thus:

3%.9

1.4 100 = 173.

The results are shown in Fig. 16, where the relative hardness
values are indicated on the ordinate and the number of days counted
from the time of compacting on the absclissa. There is a clear
increase in hardness. An attempt was made to sﬁooth the curve
graphically. The temperature for each measurement is also indicated
on the graph. Deviations from the curve seem t0o bear no relation
to the temperature values. The level indicated on the graph by
100 represents the hardness of the roads l-a and 2-a approximately
24 hours after compacting and holds only apoproximately for the
roads 1 and 2. No additional examination of possible errors is
required. The only purpose was to determine whether an increase
of hardness had taken place during the period of measurement and
this question was considered satisfactorily answered.

This form of hardness and density increase answers a question
which was railsed several times during the experiments, 1i.e.,

whether a road can be established even when the temperature remains
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between -5 and -10°C for a relatively long time after compacting.
During the two recent cold winters such temperatures have been
rare during the time that most of the roads were constructed.

On this question the answer 1s in the affirmative, assuming that
the right construction technique has been used for the type of
traffic to be carried. It 1s belleved that if the methods of com-
pacting recommended for the given type of traffic are applled the
road will be ready for use a few days (e.g. 3 to 5 days) after
compacting under the above-mentioned temperature conditions.

The test results obtained for the above-described roads have
also been used in an attempt to illustrate the interrelation be-~-
tween density, temperature and hardness. First, relationships with
respect to surface hardness between simultaneously compacted test
roads 1 - 4 were studied. Thils 1s shown in Fig. 17. The hardness
value of road 1 has been gliven the relative value of 100 for each
time of measurement and the corresponding hardness values for
roads 2 - 4 are shown in relation to the value for road 1. The
hardness of road 2 tends to decrease compared with road 1, but in
the roads 3 and 4 the hardness tends to increase. No definite
tendency 1s, however, present. The distributions of experimental
values were granhically represented by straight lines. For the
sake of brevity the dependence of the relative hardness values on
the temperature was examined by determlalng "average temperature
values" for the polnts above the straight line and for the points
below the line. No tendency of the relative hardness value to
change with temperature could be traced in the material, and for
that reason it was not considered necessary to carry out a more
detalled examination of the data.

The author then wlished to analyze the relatlonship between
density, temverature and hardness in roads 1 - 4, 24 hours aftef
construction. A period of time of 24 hours was chosen for the
following reason. In a road which has been compacted during a
moderately severe cold periosd, the warm snow of the bottom layers
1s mixed with the cold snow of the upper layers producing a tem-
perature of the snow which is nigher than that of the alr above
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the snow. "The coldness of the air" thus finds its way into the
snow. The coldness, however, spreads rather slowly downward and
in a2 deep road bed it may take up to 24 hours before the tempera-
ture in the body of the road achleves a state of egquilibrium.
During this first phase the road hardens probably "from two direc-
tions", partly and primarily from above due to cooling, and partly
from below as a result of the movement of moisture brought about
by the existing temperature gradient. Other processes, such as
regelation, moisture movement from cold regions to warmer ones in
the mixed snow immediately after compacting, and siallar

(9,22)

processes naturally contribute also to the hardening of snow,

but they are belleved to be of secondary importance(l). The author

(1)

has suggested earlier that the increase of snow hardness on
cooling 1s due mainly to condensation of moisture from the satu-
rated atmosnnere of the road body on the individual snow crystals
and thelr polnts of contact. The results of experiments published

(23) seem to indicate, however, that the

recently by Yosida et al.
interrelation of the various factors involved in this process is
rather complex. It seems absolutely certain that condensation is

a factor contributing to the lncrease of snow hardness, but it 1is
very likely that certain other factors also play an lmportant part.
Further studlies seem to be required in order to explain this pro-
cess fully.

Whatever the reasons, the hardness of the road seems to reach
an equilibrium (the upward movement of material through a snow
cover takes place as long as there 1s a temperature gradient)
relative to a given constant temperature of the atmosphere during
the 24-hour period following compacting. Hence a perlod of 24
hours was chosen as a basls for comparing density, temperature and
hardness for the test roads 1 - 4.

The densities of the four test roads 24 hours after compacting
were derived graphically from the adjusted curves in Fig. 14.

The relative hardness of the roads 24 hours after compacting,
in relation to the hardness of test road 1 was obtained by graphi-
cal extrapolation from Fig. 17.
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Finally it was aséumed, that the relatlonship between tempera-
ture and hardness obtained for test road l-a, P = 6.84 - 0.63 t,
was also applicable to road 1. With this equation and the exlisting
differences in hardness values of the different roads, hardness
values were calculated for all four test roads for a number of
different temperatures. These values, together with the snow
densities, are shown in Table VIII.

On the basis of this "skeleton material" the nomogram shown in
Fig. 18 was devised.

The possible errors in the relationships indicated in Filg. 18
wlll be discussed here briefly. The assumption that a linear rela-
tionship exists between temperature and hardness is undoubtedly a
rather rough avproximation.

The error involved in supposing that the relationshilp obtained
for test road l-a is also valid for road 1 is unimportant in this
connection. Whether the whole "skeleton" in Fig. 18 is shifted
somewhat upward or downward is of little importance.

The hypothesis that the interrelation between the hardness
values of the different roads does not change noticeably with vary-
ing temperatures is not ruled out by the experimental results (see
above).

The graphical derivatlon of densities and relatlve hardness
values 24 hours aftcr compacting obviously involves some uncertaln-
ty. Leljonhufvud has reported a relatlonship between relative
density and relative hardness values(IZ). He designated the
density and the hardness obtalined by a certain method of process-
ing as 100, and expressed corresponding results obtalned by other
methods of processing as relative values. Such relative values
were computed for each of the many test series carried out with
" various methods of compacting from January to March during the -
winter of 1954/55. The author's results agree satisfactorily with
Lel jonhufvud's relationship.

Density, however, is not the only factor which differentiates
the test roads. There is also a difference in the size of snow

particles. In road 1 the coarse-gralned bottom snow and the fine-
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gralined surfaée snow had been well mixed. In road 2 the mlxing
was less complete, in road 3 still less, and in road 4 the results
of mixing were almost insignificant. The average size of snow
particles in the upper layers of the test roads decreases thus
from road 1 to road 4. The influence of this fact on the hardness
of the road could not be established.

Finally, the methods of compacting which produced certain snow
densitles are indicated in Fig. 18. The methods which produced
certain denslities for roads 1 - 4 have been used as reference
points. During the exveriments in Alsbicken, test roads were com-
vacted at different times by the following methods: (a) rotary
tiller - rail-roller - sliding pontoon, (b) processing by tractor -
rail-roller - sliding pontoon, and (c) rail-roller - sliding
pontoon. The densities were determined for several of these roads.
From the data of these tests and the results of previous experliments
with different methods of compacting, three different categories
of treatment were'distinguished from the standpoint of the snow
density. The relation between the different categories of pro-
cessing 1s belleved to be appllicable over a relatlively wide range.’
On the other hand, it 1s obvious that a gilven method of processing
wlll produce different densities under different conditions (see
also the chapter on compacting at different times during the
winter). In a given snow different densities will probably be
obtalined with a given method of processing if compacting 1is carried
out at different temperatures. This has been pointed out by
Russlan scientists in cases where the snow was only compressed(zz).
For the methods of processing which were employed in this study,
this phenomenon was not clearly evident. In order to leave a margin
for this and other variables, a certailn range of density values for
the different categories of processing has been indicated.

In spite of its inherent shortcomings the nomogram of Filg. 18
gives a good '‘indication of how significant the two most lmportant
factors - density and temperature - are for the hardness of a compact-
ed snow road. It shows also the approximate density values that were
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obtained or could bhe expectced to be obtailned by the different
methods of compacting under the conditions prevailing in the
Alsbicken experimental area during the period of testing.

The absolute values are naturally related entirely to the
conditions exlsting during the experiments. The relation hetween
the different processing categories, which is obvious in spite of
the margins allowed to each category, is believed to be valid with-
in a wide range.

The nomozram indicates, among other things, the effect of an
increase of density on the bearing properties of snow. If for a
given form of transport a proctor value of, for example, 8 kg/cm2
at the road surface is required before the road can be opened to
loaded vehicles 24 hours after compacting, the temperature has to
be ~-20°C or lower iIf a rall-roller and a sliding pontoon have
been used but probably only -5°C if the road has peen compacted

with a rotary tiller and a sllding pontoon.
It is difficult to form an oplnion on expected hardness of a

road which is established at temperatures higher than -5°C. When
there 1s a decreasing temperature gradient from the ground to the
surface, the road will harden, but if the temperature at the ground
level is, for example, -1°C and that on the surface of the road -2°
or -3°C then the hardening will, of course, take a long time. If
the temperatures at the surface of the road andat the ground are ap-
proximately the came a comparatively long perlod of walting will
probably ensue before the road can be used. Such sltuations however,
are no doubt exceptional in the climatic regions where compacted
Snow roads are being used.

2. Compacting at different times during the winter

These experiments were carried out in a swamp close to the
SDA experimental station in Lycksele. Compacting was carried oﬁt
by one standard method at different times during the winter. The
method consisted of processing the snow with an Oliver OC3 tractor
("track-to-track" treatment), after which the tractor pulled a
wooden rail-roller (weight approximately 400 kg) and simple sliding
pantoon Hallasted with 300 kg over the test roads. The bulk of
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the resulting observations are shown in Table IX. Unfortunately,
only four tests could be carried out, the compacting belng done on
December 20, January 23, Harch 3 and April 4, respectively. On
each occasion two roads were compacted by the above-mentloned
method (except on March 3 when, owing to an accident, only one
road was compacted) and the values shown in Table IX are the aver-
age values of all measurements on each palilr of roads.

On April 6 still another pair of roads was compacted at
Lycksele using the rotary tiller ~ rall-roller - sliding pontoon
combination, 1.e., the same method with whilch equation P = 6.84 -~
0.63 t was obtained for road l-a, which was compacted on March 3.
The compacting and mcasurement of the two roads (of March 3 and
of April 6) were carried out under practically identical weather
conditions. At a surface temperature of -26°C a surface hardness
of 15.44 and 17.32 kg/cm?, respectively, were recorded for the
roads compacted on Aprll 6, approximately 20 hours after compacting.
A corresvonding surface temperatufe will give a hardness value of
22.22 kg/cm? tor road l-a.

In Fig. 19 the particle size in the different layers and the
density, poth in untreated snow, 1is shown for different times of
the winter in the exverimental area in Lycksele., The particle
slzes are expressed as dlameters of the largest’particles found in
the respective layers. In connection with the last observation
(April 25th) a road was compacted by tractor processing followed
by treatment with rail-roller and sliding pontoon, at temperatures
a few degrees above the freezing point. During the night the tem-
perature dropped to -5°C and the road became particularly hard.
When the temperature rose during the next day to 5 - 6°C above
freezing point, the road disintegrated completely and the bonds
between the individual coarse-grained snow particles disappeared
almost entirely.

| In order to obtain a detailed picture of compacting results
with different methods at different times of the winter, consider-

2bly more observations are required than the ones reported here.
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It is undoubtedly true that a road can be constructed without
difficulty during early and late winter. It 1s agaln true that
the hardness at 0 cm depth in the "December road" was relatively
low, probably due to the fact that fine~grained snow is difficult
to compress at the low temperatures prevailing at the time of
compacting. It 1s bellieved that the good bonding capacity of
fine-grained snow during early winter produces very good roads.
On the other hand, the opinion has been expressed that satlsfactory
roads cannot be obtained in "March snow" (this applies to continen-
tal and northern parts of Norrland). It 1s possible that this
opinion results from compacting with a "Weasel" during the late
winter. In the course of the winter a coarse-grained layer forms
at the bottom of the snow cover. Such snow which has very inferior
bearing proverties, is frequently referred to as depth hoar. As
the winter progresses the thickness of this layer increases (see
Table XII). If the snow is merely compressed, as 1s generally the
case when éompacting 1s performed by the "Weasel", a relatively
thin bearing surface layer is formed while the extensive layer of
depth hoar remains more or less as before(lz).
If the snow were mixed and treated during compacting with the

aid of a deep-penetrating tractor, a rotary tiller or similar

equipment, roads of come bearing capacity could.probably be produced

even in late winter. Such roads, however, are inferior to roads

which have been compacted earlier, slince the size of snow particles
Increases as the winter progresses and the possibilities of bond
formation between individual particles is thus reduced. After the
melting of snow has actually started, the snow particles become too0
large and too rounded to produce strong roads even 1f the snow 1s
processed intensively. However, the construction of new roads so
late 1n the winter is hardly ever required.

3. The effect of traffic

Once a road has gained sufficient hardness so that it can be
opened for traffic the increase of the hardness of the road depends
on the traffic itself. Increased hardness in a road used by wheel

tractors has been reported by Leijonhufvud(lz).
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The effects of traffic on two roads compacted differently
wlth respect to the intensity of processing were compared 1in
Alsbicken. One road was compacted by rail-roller and sliding
pontoon, the other by rotary tilller, raill-roller and sliding pon-
toon. Conpacting was performed on February 15 in snow approximately
100 cm deep. 3oth of these roads were then used by track-type
tractors with ballasted sledges for a period of two weecks. The
density of the uovper layer and the temperature and hardness of
each road at various depths were determined before and after this
period of traffic. The temperature during the period of time
between the two measurements never rose above the freezing point.

Unfortunately, after the roads were in use for two weeks the
hardness of the snow at some polnts of measurement at 0 and at
5 cm depth exceeded the cavacity of the proctor needle. In cal-
culating the average values each measured value which was higher
than the maximum reading of the proctor needle was gilven thils
maximum value. The sign > (greatér than) was added to such average
values and the number of individual observatlions which exceeded
the reading capacity of the proctor needle was also recorded.
This procedure makes the comparison of roads more difficult, but
on the basls of the figuresc thus obtained and of the density
determinations it can be stated that both roads obtalned almost
the same degree of surface hardness as the result of traffic.
Traffic by track-type tractors, however, could not even out the
already great differences in the interior of the road bed. The
relative hardness had indeed increased more in the slightly com-
pacted road, but the hardness values at 15 and 25 cm depth,
respectlvely, of the road treated by the rotary tiller were still
33 and 40 percent higher than those of the former.

The rate of hardness increase due to traffic depends, of
course, on the vehicles and the sledge loads driven over 1t. The
average denslty and hardness values for roads exposed to varlous
types of traffic have been reported by Kragelski (1945). His
figures are reproduced in Table XI.
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The hardhess values in kg/cm? recorded by Kragelskl are
probably not comparable with those of the author. How these values
were obtained has not been explained. Kragelski's values do how-
ever snow the extent to which the roads can be compacted by expo-
sure to wheeled traffic. Wheeled vehicles, as a rule, pull
heavier loads, a fact which also contributes to the compacting
effect,

4. Formation of depth hoar in compacted roads
(12)

Leljonhufvud has shown that depth hoar does not form in
roads which have been exposed to traffic by wheeled tractors and
in which either the snow had been well mixed before compacting or
which had been first compacted to the bottom. According to other

(22)

in an untreated snow cover, and thus undermines them. In order to

authors » such depth hoar forms in roads from the bottom, as
determine, 1f such deterioratlion takes place in roads exposed to
lizht-weight traffic only, the following observations were made on
a snow road compacted for horse-dfawn traffic. The road was com-
pacted in the district of Bj8rksele, four Swedish miles northwest
of Lycksele on January 11, 1955. An Oliver 003 tractor processed
the snow by "track-to-track" treatment, after which the road was
dragged. The depth of the snow was approximately 60 cm. The road
was then used for horse-drawn traffic until March 25.

At different points along the road tests were made constantly
both in the untreated snow cover and in the road bed to determine
the changes in snow particle size. The first and the last measure-
ments at one of the observation points are shown in Table XII.

The size of particles is exvressed as the diameter of the largest
snow graln observed in each respectlive layer. The boundary line
between depth hoar and other types of snow is indicated in the
table by a broken line.

Table XII shows that the increase of particle size had been
considerable in the untreated snow cover but insignificant in the
road bed. This held true for all the observation points,
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Provlded‘the snow 1s well mixed during the compacting process,
there does not avpear to be sufficlent depth-hoar formation in the

snow road to have an adverse effect on its bearing strength. This
seems to hold true for roads exposed to either light or heavy
traffic.

V. Drawbar Pull Tests

l. Drawbar pull tests wlth different types of tractors on compacted

snow roads of various bearing strength

In order to determine the hardness requlirements of compacted
snow roads to be used by wheel tractors and track-type tractors,
and to study how the darwbar pull of these vehicles varlies with
the hardness of the road, a number of experiments were carried out
in the experimental area in AlbZicken.

The following tractors (gasoline-driven) were used in the

tests: .
Ferguson TE-A 20 with "Combi-Trlumph" Total welight
anti-skid device (see Fig. 20) 1236 kg
Ferguson TE-A 20 equlipped with
Bombardlier half-tracks 1570 kg
Ferguson TE~A 20 equipped with SDA's
wheel tracks ' 2000 kg

The method of testing was the same as that used in the
traction resistance tests in loose snow described above (see
page 25 and 26).

A heavy tractor was used as the braking vehicle. The tractor
under test was braked with the help of a cable. The latter was
fastened to the braking vehicle and then passed around a pulley
attached to the tow hook of the test vehicle and then back to a.
dynamometer (PM dynamometer) mounted on the tow hook of the braking
vehicle, where it was secured. The drawbar pull of the test
vehicle was increased gradually with the tractor in low gear by
letting the clutch out slowly. This continued until the tractor
lost its grip on the substratum and the wheels or tracks started
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to slip. The tractor's momentum was thus not utilized; the tractor
merely applied pulling force up to the constant slipping. By this
method the maximum drawbar pull of a vehicle at the instant of

slipping gives the pulling power of the tractor in a stationary

position.
Apart from dlfferences of engine design, this drawbar pull

depends on the capacity of the wheels or tracks to grip the sub-
stratum and on the size of the load imposed on the wheels or tracks,
as the case may be.

When hauling timber the tractor's drawbar pull is put to the
test mainly in two different situations, driving uphill and starting
out after loading to capaclity. When driving uphlll the factor
which limits the size of the load is the maximum drawbar pull under
hard pulling conditions. This limiting aspect of the pulling
capacity of a tractor can thus be reproduced by the above-described
test with a stationary tractor. However, the inltial start after
loading the sledges with timber 1é often made difficult by the
freezing of the rumners to the substratum during loading. The
starting friction may be as much as ten times the running fric-
tion(7). This starting friction can be overcome, for example, by
applying an "elastlic pull", i.e., utilizing the momentum of the
tractor. Attempts were made to determine the magnitude of such a
pull experimentally by allowing the test vehicle a certain " jerk
distance" corresponding to an "elastic pull". However, neither the
method of testing nor the measuring instruments proved capable of
producing reliable results.

The results of-the drawbar pull tests for the three types of
tractors on substrata of various hardnesses are shown in Fig. 21.
Each point on the dliagram represents the mean value of three tests
on the same substratum. For general Information regarding the
reliablility of these mean values, 1t should be mentioned, that the
difference between the highest and the lowest individual values
(range of scatter) was less than 100 kiloponds for 30 percent of the
data, 100 kiloponds’for 50‘percent and more than 100 kiloponds for



20 percent. The readings on the instrument could be measured with
an accuracy of 50 kilopondse. '

The hardness values for freshly compacted, unused roads,
varied as a rule between 0 and 20 kg/cm®, while the hardness of the
roads exposed to traffic under different conditlions was over
20 kg/cm®. Two tests were also carried out on bottom ploughed
roads which were in use. The results of this test are shown on the
extreme right of the diagram.

The tractor with wheel-tracks was superior to the others be-
cause of its greater welght and its greater area of contact with
the substratum. At the highest drawbar pull value recorded by this
tractor, the motor stalled without any slipping of the tracks.

This means that the maximum pull of the tractor relative to the
englne output was somewhat over 1600 kge.

On a loose substratum the tractor equipped with half-tracks
had a higher drawbar pull than the wheeled tractor, but with
increasing substratum hardness the difference was reduced. On the
two hardest roads the wheel tractor actually had a higher drawbar
pull than the tractor cquipped with half-tracks. The half-tracked
tractor seems to have an optimum drawbar pull at hardness values
between 20 and 50 kg/cm?. Such values correspond to relatively
high temperatures in roads subjected to traffic. It also appears
that the tractor wilth wheel-tracks had its optimum drawbar pull
within the range of hardness values employed in the experiment.

On substrata with values of 43 and 63 kg/cm?® the engine stalled,
whereas sllippagc occurred on the two bottom-ploughed roads which
gave the hardest substrata of all the roads.

The author tried, during the experiments, to estimate the
lowest hardness value at which a given vehicle could be expected
to start hauling on a snow road over level ground. A few spot
tests were carried out with loads up to 3 tons. The estimated
limits are indicated in Fig. 21. A4 few comments are, however,
necessary. The pull which was recorded in the above-described tests
was the propulsive or frictilonal force, which depends on the grip

of the driving parts on the substratum and on the load imposed on
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these parts. ' In forward motion, however, the tractor has to over-
come a resistance which 1s produced mainly by the fact that the
wheels or tracks penetrate the substratum and must perform work of
deformation. This resistance, called rolling resistance, increases
with decreasing hardness of the substratum<8’21). If the rolling
resistance is higher than the propulsive force, the tractor does
not move ahead, but digs itself into the substratum. This happened
with the wheel tractor at a hardness value of 3 - 5 kg/cm?. In
order to start hauling loads therefore, a road hardness 1ls required
which will make it vossible to secure a certaln surplus of drawbar
pull.

If these hardness value limits are entered in the nomogram of
Flg. 18, the following may be noted. Under the conditions which
prevalled during the test period intensive processing with the
rotary tiller, rail-roller and sliding pontoon had produced roads
on which wheel tractors could start haullng operations 24 hours
after compacting, provided the temperature from the time between
compacting until the start of traffic had been from 5 to 10 degrees
below freezing point, even when the method had resulted in relative-
ly low snow densities, Where low density values were expected from
treatments "B" and "C", temperatures of 20 to 25 degrees below the
freezing point would be required for treatment "3" and still lower
ones for treatment "C", before the road could be opened to wheel
tractors 24 hours after compacting.

To obtain strong roads by methods described under "B" and "C"
the roads must be allowed to harden a certain period of time first
before being used at relatively hlgh temperatures,

Treatment "3" had probably produced strong roads for traffic
by half-tracked tractors after a walting period of a few days.

Where method "C" was applied a temperature of -5°C during ‘the
period between compacting and use had aovvarently been adequate for
tractors with full tracks, although the compacting results were
relatively poor (low density).

Even if one 1s critical of thils schematic application of the
test results, it must be admitted that 1t clarifies the demands
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made by the different types of vehicles on the snow roads and it
shows which technlques should be used to establish roads whieh

will meet these demands under various conditions.

The above-described tests were carried out with light tractors.
In connection with the previously described exveriments with 4if-
ferent vehlcles tested by the SDA concurrently with the snow com-
pacting tests revorted here, drawbar pull tests were made witﬁ a
great many different vehlcles, using the same testing methods.

The tests were performed on a large snow field which was
compacted and worn in by different vehicles under more or less
identical conditions. During the experiments hardness was measured
with a proctor nezdle in different parts of the fleld at different
times. The mean values from 25 observatlous varled between 15 and
22 kg/cm®. The temperature during the whole period was about -13°C
and the denslty of the substratum surface layer was approximately
0.51 gm/cm®.

In order to connect up the drawbar pull values for the tractors
used 1in the snow-compacting tests with those of some other vehlcles,
thc three Ferguson tractors, equlpped as described above, were
tested concurrently with the other vehicles. The results are shown
in Table XIII in which the maximum pull (drawbar pull at the instant
of slipping of a statlonary tractor in the "best" gear) is recorded
for the different tractors on the substratum described above.

The drawbar pull values recorded in Table XIII cannot, of

course, be used for general comvarison of the different vehicles

and the different types of tracks: they merely indlcated the

aoproximate orders of magnitude.

2. Drawbar pull tests with various anti—skid devices and extra

10ads on a wheel tractor

As a part of the winter exveriments, a few of the most common
commercial anti-skid devices were compared during late winter in
Lycksele. The following anti-skid devices, fitted to a Diesel-
driven Ferzuson 1320 kg tractor, were tested: Convention snow
cha.ns (weigi. 64 kg, ..« Fizg. 22), "Combi-Triumph" (116 kg, Fig. 20},
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"Ceve" (77 kg, Fig. 23), "Perfekt"* (251 kg, Fig. 24), "Mudmaster"
(192 kg, Filz. 25) and half-tracks of Bombardier type for Ferguson
(approximately 450 kg).

Drawlngs of the anti-skid devices and tracks tested on the
tractors can be found in Appendix 1.

The maximum drawbar pull fcr the various antli-skid devices
was determined by the method described above. For each type of
anti-skid device the drawbar pull was measured both for the unbal-
lasted tractor and for the tractor carryling extra loads of 250,

500 and 750 kg. The latter were placed above the tow hook of the
tractor as close to the rear axle as possible.

The exveriments were carried out on two different categories
of roads characterized by different hardness values. The roads of
one category had been exvosed to some traffic and had hardness
values of 25 - 35 kg/cmz. The other roads were newly compacted,
with\a hardness of 10 - 15 kg/cmz. The test results are summarized
in Table XIV. Each value in the table represent the mean value
from five tests on the same substratum. It should be noted, that
this Ferguscn tractor was Dlesel driven, whlle the tractor which
was used for the previous drawbar pull tests was gasoline driven.
The last mentioned type could pull only 1600 kp in a stationary
pull before the engine stalled, while the Diesel--driven tractor
attained drawbar pull values up to almost 2000 kp without stalling.

(a) Comparison of different anti-skid devices. For comparison

of the different anti-skild devices the drawbar pull for the conven-
tional snow chains was assigned a value of 100. This was based

on the fact that conventional snow chains are at present the most
commonly used antigskld device. The drawbar pull values of the
other anti-skid devices on different roads and for different extra
loads were then expressed as values relative to the corresponding
values for the conventional chains. The results are shown in the

form of a diagram in Fiz. 26. The large brackets on the diagram

* Equipped with an extra rim on. each plate for hauling on snow

substratum.
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indicate the fange of variation of the individual relatlve values,
and the corresponding mean value 1s shown in pareuntheses. It e¢sn
3@ seen from the dlagram, for example, that the tractor equlpped
with "Perfekt" devices, had between 43 and 121 percent (average
77.5 percent) more drawbar pull than with conventional snow chains.
An aoproximate value of drawbar pull obtained with rubber tires
has also been included in the dlagram, chlefly as a matter of
curiosity (this value was obtained from a test on a hard-compacted
road at a different time from the tests reported here).

It is apparent from the diagram that the variation of the
relative values was very high. Besldes the error in measurement
and the possible errors due to changing conditlions during the
different parts of the experiment, this variation was caused, among
other things, by the fact that the relationshilp between the drawbhar
pull values for the different anti-skid devices varied somewhat
with the size of the extra load and with the hardness of the road.
For the purpose of evaluating the different anti-skld devices, the
data are, however, fully usable. Additional tests have confirmed
this classification . according to efficlency of the different anti-
skid devices.,

The differences cannot be ascribed solely to differences in
the grip of the anti-skid devices on the road. They are influenced
to some extent also by the differences in weight of the various
devices. With the ald of the graphically adjusted relationship
between extra loads and the drawbar pull values for each anti-skid
device, an estimate was made of the drawbar pull values which are
purely the effect of the weight difference between conventional
snow chains and other anti-skld devices:

Conventional Combi- -
chains Triumph Ceve Mudmaster Perfekt
100 107 101 112 128

The relationship between half-tracks and conventional snow
chalins was not censidered comoarable in this connection, since
half-tracks provide a considerably greater area of contact with the
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substratum. These relative figures are therefore not included.

An interesting point concerning the form of an anti-skld de-
vice will be discussed in this connection. The plates of the
"Perfekt" are normally mounted in such a way that the higher lug
of each plate grivs the substratum before the shorter one. An antl-
skid device was first tested in which every second plate was re-
versed with respect to the relative position of the lugs. Flg. 27
shows how the anti-skid device looked after a short period of
driving. The reversed plates were full of compressed snow and had
lost a great deal of thelir gripping capacity, whlle the unreversed
plates were relatively free from snow.

The test results show that the choice of anti-skid devices
and thelr desigzn is of great importance for the pulling capacity

of the tractor. It should be pointed out, however, that the vari-
ous anti-skid devices have been evaluated only on the basls of the
drawbar pull of the tractor. The other propertles of the anti-sklid
devices have not beén taken into consideration.

(b) Relationship between drawbar pull and extra loading. In
order to determiune the extent of the increase in drawbar pull due

to an increases of load on the wheels of the tractor, the drawbar
pull value at zero load for each anti-skid device and for each road
was assigned a value of 100. The drawbar pull values for other
loads were then expressed in terms of thls value. The highest gain
in Arawbar pull was recorded for conventional snow chalns on the
road wnich had been exposed to traffic. The tractor with an extra
ballast of 750 kg snowed a 162 percent increase in drawbar pull
over the unballasted vehicle. The smallest gain was obtained with
Mudmasters on the traffic-worn road, where the corresponding figure
was 62 percent. Moreover, the increase of drawbar pull due to
extra load was almost always greater on traffic-worn roads than.-on
loose, newly compacted roads.

- The average approximate increases for all types of antléskid
devices and on both types of roads were 32% for an extra load of
250 kg, 637 for 500 kg greater and 95% for 750 kg applied to the
tow hook. ‘



The test data do not permit a mofe detalled analysis with
respect to the different types of anti-skid device. The flzures
reported here serve as a rough indication of the effect of ballast-
ing on the drawbar pull of a tractor on a substratum of compacted
SNOW .

3. The ontimum bearing strenzth of a road bed of snow in relation

to drawbar pull

According to Fig. 21 the optimum drawbar pull of a half-tracked
tractor seems to be obtained somewnere within a range of hardness
values of 20 to 50 kg/ch. A similar optimum was also obtained for
a tractor equipped with wneel-tracks but not a wheel tractor with
"Combi-Triumph". It seems obvious, that for practically every
type of anti-skid device or track there 1s an optimum bearing-
strength value in relation to drawbar pull. One need only consider
the extreme cases of loose snow and glassy ice. The optimum hard-
ness lies at the pbint at which the substratum lets the gripping
apparatus penetrate deeply while at the same time showlng the
greatest possible resistance to the shearing stresses exerted by
the gripping devices. This optimum hardness value (on traffic-wcrn
rcads for a constant load on the driving wheels) apparently in-
creases wWlth decreasing size of the gripping parts of the anti-skid
devices or tracks (lugs, etc.), and, for any given type of anti-
skid device, with increasing load on the drive wheels. Here we
ignore the engine output as a limiting factor.

Before the above-described, more or less detalled tests were
carried out in Lycksele, a few preliminary drawbar pull tests were
performed on the experimental field in Alsbidcken with a gasoline-
driven Ferguson tractor equliovped with various anti-skid devices at
various extra loads on compacted roads of various hardness. Among
others, a wheel tractor with conventional chains, with "Combi-
Triumph" and with "Perfekt" devices were compared with tractors
eauinned with half-tracks and wheel-tracks. The tests were carried
out on a road which had been exnosed to traffic and had a hardness
value of 43 kg/cm® at a temperature of -5°C on the surface of the
‘road. Before the experiments the road was driven over approximately



50 times by a track-type tractor with ballasted sledges. The
results are shown in Fig. 28. DEach point in the graph reprecsents
the mean value of three tests on the same substratum. In the cases
where the engine stalled without any skidding of the wheesls, the
values have been marked with circles. It should be mentioned that
the highest drawbaf pull values for the tractors tested were ob-
tained as a rule in low gear and that this gear was therefore used
in every test. Flg. 28 shows that "Perfekt" produced such a good
grip on the road that the tractor could pull until the engine
stalled without bhaving any extra ballast on the driving wheels.
This was also true of an unballasted tractor equlipped with wheel~
tracks and one eaqulpped with half-tracks when ballasted with an
extra weight of 450 kg. The fact that the wheel tractor developed
a lower maximum drawbar null than the tractors eaculpped with wheel-
tracks and half-tracks may be due to differences in engine tuning
or possibiy to failurc to warm up the engine of the wheel tractor
before the test. As a rule, the tractor was warmed up properly
before each test. It seems, however, that this substratum had a
hardness which was close to the optimum value for an unballasted
Ferguson tractor eaquipped with "Perfekt" anti-skld devices. With
the other two types of anti-skid devices sllipping occurred even
with the maximum tractor ballast. ' ,

It thus seems that tractors enuivped with either wheel-tracks
or half-tracks and wheel tractors fitted with santi-skid devices

having prominent lues have the ootimum drawbar pull values on

roads which have heen exposed to traffic at relatively high tempera-
tures. This avvlies to the lisbhbt-weizht tractors tested. The
optimum drawbar pull of heavier vehicles is probably displaced to-

wards higher hardness values and lower temperatures.

It can also be assumed, that with certaln anti-skiad devlceé
a better grip can be obtained on a road bed of snow than on a
hardened, bottom-ploughed road which has been exposed to traffic.

As far as anti-ckid devices and extra ballast on wheel tractors

are concerned, the 0ld belief that the drawbar pull of a tractor

can be thus incresased has been verified. The experiments have shown
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that a light wheel tractor with a s0od antil-gkid device and a

relatively small ballast on the drive wheels can in certain cases

orip a substratum of comvacted snow sufficiently well to attain

the 1limiting drawbar pull value determined by the engine output.

VI. Traction Besistance Tests

1. Driving on new-fallen snow over a hard road bed

The main argument of horse drivers against the compacted snow
roads has been thelr belief that loads are harder to haul on such
roads than on bottom-ploughed roads. Thelr complaint seems to be
justified when considcring the methods of maintenance commonly in
use for comnacted snow roads. When new-fallen snow or drift snow
comes to the road surface, it 1s, as a rule, compacted by the help
of a roller or the road is simply driven over and then dragged.

It is generally known, that new-fallen snow and fine-grained drift
snow causc¢ higher draught resistance., This has been polnted out
by Eriksson 1n his relatively exténsive study of sledge runner
friction on suow and ice(7).

In order to clarify these factors further, some traction re-
sistance tests were carried out on the experimental area in
Alsbidcken. A tractor drove with loaded sledges several times over
a road which had been subjected to traffic but which was covered on
one occasion with 7 cm snow and on another with 1 cm of new-fallen
snow. After a certain number of passes the traction resistance was
measured with the instrument described on page 5. A Fiat OM with
Alfta winter tracks was used for pulling; the sledce was a "Stenselet
type (rumner width; 15 cm). The total weight of the load was
3060 kg on the first occasion and 1645 kg on the second. The
driving sveed was 1 m/sec. The trzction resistance is expressed
as a percentage of the gross welzgnt. The results in Fig. 29 |
indicate that on 7 cm of new snow the traction resistance tended
to attain a constant value only after approximately 10 passes had
been completed. When hauling timber in practice the road is also
used by unloaded vehicles énd it can therefore be stated that a



snowfall of the indicated magnitude may increase the traction
resistance to double the normal value on the first trip, and cause
some increase for at least the first flve round trips after a snow-
fall.

A1l cm thick layer of new-fallen snow caused an inslignificant
Increase in tractlon resistance during the first passes.

These test results cannot be applied directly to the case
where hauling is done by horse. The tracks of a tractor process
the snow while driving, and it is difficult to say what effect this

has on the tractlion resistance, 1t 1s obvious, however, that new

snov and drift snow on a road bed increase the tractlion resistance

substantially even when the hsuling 1s done by horse,

In order to get some information on the frequency and amounts
of precipitation in winter, some data were obtained from the
Swedish Meteorological and Hydrological Institute (SMHI) for their
stations in Stensele, Forse (Rngermanland) and SZrna. These data
have been summarized in Table XV, which shows the numbcer of days
with precipitation of varlous magnitudes for each month and station.
The amounts of precipitation are given in millimetres and have been
divided into four classes. When "converted to snow" 1 mm equals
approximately 1 cm. The filgures represent average values for the
years 1911 to 1940. '

Assuming that a snowfall of more than 1 cm increcases the
traction resistance to a point where the load must be reduced,
since pulling strength of the horse on a traffic-worn road is in
any case taxed to the maximum, it 1s found that at 211 the three
stations such amounts of precipitation occur 9 - 11 times 1in
January, the freauency decreasing in the course of the winter to
7 - 8 times in March. In addition to the snowfalls, snow sometimes
drifts onto the road, so that obviously the road will often becdme
heavy for haullng, especially if maintenance is restricted to the
use of a roller or simply to driving over the road. It 1s clear
that maintenance technicues have to be adapted to such conditions

at lezst for horse-drawn tfaffic in which the drawbar pull 1s
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generally the limiting factor for the size of the load. How this
problem can be solved in practice will be discussed later.
2. General considerations with respect to traction resistance on

a compacted snow road

The tractlon resistance alsc varles, of course, with the
hardness of the substratum. At low hardness values the runners of
the sledge penetrate into the snow and they have to perform con-
siderable work of deformation during forward motion. A few tractlion
resistance tests were carried out on roads of different hardnesses
in order %0 clarify this aspect. The above-mentioned Stensele
sledge was used. The total welght of the load, including the sledge,
was 3060 kg. The sledge was drawn over the road by a winch. In
the experiments, carried out at a temperature of -8°C, traction
resistance, runner penetration depth and road hardness were recorded.
The results are shown in Table XVI. The traction resistance tests
of experiment No. 2 wers unsuccessful.

The runner wldth of the tested sledge was approximately twice
that of the commercial sledgés. Relatlvely wlde runners are recom-

(12) and they are especlally

mended for use on compacted snow roads
advantageous under the conditions prevalling when a road is first
opened to traffic.

What traction resistance values should be used for estimating
the load sizes on compacted roads? A summary of a number of
friction studies will be found in the Skogsteknlsk Handbok (Hand-
book of Forest Technology) published by the SDA. The average
approximate mean values for winter are glven as 3.5 percent for a
"hard compacted snow road" and approximately 7 percent for a road
covered with new snow or for a loose and slushy road. The first
value applies to haulage roads for horses in which the ruts have
become icy. If a track-type or wheel tractor is used for hauling,
the ruts formed by the sledge runners at each pass are usually
broken up by the tractor. A higher traction resistance may there-
fore by expected on such road than on a haulage road for horses,
where the ruts are not deforaed. On the road on which a track-type
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tractor pulled a loaded sledge, the traction resistance test gave
a value between 4 and 7 percent where the size of load varied
between 1.5 and 7 tons and the range of temperatures was from -1°
to - 14°C. On the basis of the results of previous studies, and
to some extent also on the basis of the values reported here, it
is believed that a traction resistance value of 5 - 6 percent can
be taken as an apnroximate "standard value" for track-type and

wheel tractors on haulage roads.,

VII. Traffic Intensity Tests

The author also conducted some experiments wlth wheeled
trallers. Since these experiments threw some addltional light om
the properties of snow roads they will be discussed here briefly.
The tests were carrled out during the second half of February in
the Alsbicken experimental area.

The purpose of the study was. to determine the hardness which
1s required for the use of a tractor towing a two-wheeled traller
at a glven level of traffic activity.

Traller data:

Total weight 520 kg
Load at coupling loop 225 kg
Tire size 6.00 - 20

The trailler was normally equlpped with rubber-tired wheels
but could also take wheel rumners. Two different types of wheel
runners were tested.

Wheel~-runner data:

) Length Width Area
Wide type 160 cm 31 cm 4950 cm?
Narrow type 158 cm 12.5 cm 1980 cm?
Gasoline-driven Ferguson tractors equlpped with wheel-tracks,

half-tracks and with Combi-Triumph devices were tested alternately.

As a road hardness requirement it was decided that the road
should withstand 15 passes of the tractor and the trailer Adriven
in the same ruts 24 hours after compacting. The load on the
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traller during the test was QOO'kg. The gross weight of the loaded
traller was distributed as follows: 490 kg on the hook and 930 kg
on the axle of the cart.

The experlment was carried out on level ground at a snow depth
of 90 to 120 cm. A number of test roads were compacted by differ-
ent methods. Approximately 24 hours after compacting the roads
were tested with a number of different vehicle comblnations. The
necessary meteorological‘obscrvations were made for the perlod of
time between compacting and driving. The hardnesses and tempera-
tures of the surface layéfs of the roads were determined immedlately
before compacting.

It was soon established that the bearing properties were
slightly better for the narrow type of wheel runners than for wheels
alone, and that under moderately cold conditions neither the raill-
roller and sliding pontoon used directly in unmixed snow nor
tractor, rail-roller, sliding pontoon treatment would produce a
road capable of staﬁdlng up to traffic by wheel tractors and
tractors with half-tracks. The tractor eaulipped with wheel-tracks,
however, did not require such low temperatures with these methods
for completing 15 passes, Since the maln interest was directed to
the behaviour of wheel tractors and tractors equipped with half-
tracks, no attempt was made to determine the range of hardness
requirements for tractors equipped with wheel-tracks on these test
roads. The tests therefore continued on the roads compacted with
rotary tiller, rail-roller and sliding pontoon. As mentioned
previously, the combination was employed for technical reasons in-
stead of the rotary.tiller - sliding pontoon combination. The
relative effect of a rail-roller on the compacting results seems
to be small.

For this method comvacting approximate limiting values for
hardness and temperature were obtained for the conditions prevailing
in the experimental area. These values are shown in Figz. 30. The
temperature values are for the period of time between compaction

and the opening of the road to traffic. These boundary values were
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not directly established during this experiment, of course, but
were obtaincd by interpolation of various test results. The
possibility of error in reporting a certain hardness at a certailn
temperature for a given method of compacting is approximately the
same as that mentioned in connection with the construction of the
nomogram of Fiz. 18+ Since the tests reported here were carried
out within a relatively limited range of temperatures the values
glven in Flg. 30 would appear to be somewhat more reliable. At the
"1limit of hardness" the road was considered to be completely broken
up, with ruts up to 30 cm deep. The depth of snow in the roads was
40 - 55 cm.

The following conclusions, we belleve, can be drawn from these
experiments. The rail-roller - sliding pontoon method of compact-
ing used directly iIn deep, loose snow produces roads which stand
a high level of traffic activity relatively soon after compacting
even when tho road 1ls uscd by wheel tractors. Hauling of timber
certainly makes greater demands on the rcads than the vehicle
combinations tested here, but the Intenslty of traffic activity

in timber hauling is not as great as 1t was during these experiments.

VIII. Some Timber Haulinz Experiences on Compacted

Snow Roads in the Recent Winters

(12)

In 1955 Leljonhufvud reported the results of practical
exverlence with compacted snow roads under various conditions.
The recent winter seasons have provided us with some additional
results, some of which will be reported here. These will be des-
cribed here partly in the form of short reports on a few driving
experiments and partly as summaries derived from varlous sources.

l. Hauling with horse and with track-type tractor

In the district of Alvdalen, Stora Kopperbergs Bergslags AB,
the rail-roller and sliding pontoon combination was tested for
establishing main hauling roads for horses and crawler tractors.

A road was supposed to be established on January 25 in a
depth of snow of 70 - 95 cm with the above-mentioned equipment
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rulled by a Cletrac tractor with Alfta tracks. It was found, how-
ever, that the tractor could not pull the equipment directly 1in
such deep snow even when the tractor had rutted it lmmediately
before commacting. The tractor then opened up ruts of double width
on the whole road by moving back and forth, after which the ruts
were left to harden overnight. The next morning the equlpment was
pulled back and forth over the road without difficulty, the tractor
being driven in second gear. The temperature was ~-20°C. Four days
after compacting the same tractor hauled a full load consisting of
9 cu metres (solid measure) of debarked pulpwood over the road.
The temperature during the first pass was -12°C. The road was
maintalined basically by driving over it. On one occaslion approxi-
mately 15 cm and on another approximately 20 cm of new snow and
drift snow covered the road. The snow was then treated with a
rall-roller and a sliding pontoon, and the day after compacting
full loads were hauled again. Hauling continued until April 16 with-
out any reduction of loads due to mild weather or the like.

With a Nordverk snow tractor a road was compacted on January 24
by the same method as that used for the Cletrac road. The depth
of snow was again 70 - 95 cm and the temperature -23°C. Two days
after compacting the first load of approximately 6 cu metres (solid
measure) of debarked pulpwood was hauled with the Nordverk tractor
at a temperature of -18°C, and starting the third day after com-
pacting, full loads of 16 cu metres (solid measure) were carried.
As the only maintenance measure a homemade drag equlpped with a
steel ice scraper was towed behind the tractor in the course of
regular traffic. This was used once or twice a week. Both the
above-mentioned new snowfalls were treated as follows: For a whole
day following the storm, loads were reduced to 70 percent of normal,
but the usual number of trips were made. The next day the road was
dragged, after which full loads could again be hauled. Haullng
continued until April 24 without appreclable reduction in the size
of the loads.

A main hauling road for horses was compacted as late as
March 9 using the same method of processing as for the above two
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roads. The depth of snow was 55 ~ 85 cm and the temperature -8°C.
One detall in establishing roads for hauling by horses should be
pointed out. By opening ruts of double width in such a way that
the inner edges of the two pairs of ruts are in contact with each
other, a thorough processing of cnow by the tracks of the tractor
and by the roller and sliding pontoon is obtalned in the portion
of the road which later becomes the path for the horse (cf. methods
2 and 3 in Section III, "Different methods of processing snow").
The day after compacting, 15 cm of snow fell on the road and this
snow was treated with compacting equlpment. Haullng was started
five days after compacting at a temperature of -6°C. For the
period of time between compacting and hauling the temperature
stayed at -5 to -6°C. The first load consisted of 2.5 cu metres
(s0l1id measure) of pulpwood. From the third day on full loads of
approximately 4 cu metres (solid measure) were hauled. The road
was malntained with the aid of a wooden plough, which was used
after snowfalls and when the road became slushy. According to
haulers, ploughing creates gobd embankments for the road. Haullng
was completed on April 26. During the period of hauling no reduc-
tion in the size of loads was observed, although the temperature
stayed for a long time at about -2°C.

In the district of Na (Stora Kopparbergs Bergslags AB) a
Fordson Major tractor equippecd with SDA's wheel-tracks opened a
road directly in snow 45 - 65 cm deep using a rail-roller and
sliding pontoon. The compacting was carried out on January 30 at
a temperature of -28°C. Nine days-after compacting the Fordson
tractor hauled the first load of 450 cu ft of green, freshly cut
timber at a temperature of -18°C. The road was maintained with the
aid of a drag (see the SDA's booklet entitled "Road Equipment").
The dragging was carried out, as a rule, during trips with empty
vehicles. Difficulties of dragging on banked sectlons were solved
by welding pieces bf steel tb the runners_of the drag so as to
prevent slipping. During the period of hauling dragging was
carrled out on six occasions. The size of the loads, approximately

450 - 550 cu ft of green timber, was kept constant until the end
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of the hauling operation on April 25, without reduction due to
weather or wind. On Wednesday, March 21, during a visit to the
area, the author méasured the hardness at different levels of the
road. The temperature was *0°C, the snow depth 25 cm and the
following proctor values were recorded: At the surface 62.6 kg/cm?,
5 cm from the surface - 44.4 kg/cm?, 10 cm from the surface -

11.8 kg/cm® and 20 cm from the surface - 10.4 kg/cm?®. The low
hardness values for the lower strata of the road indicate that
transport of moisture from the lower layers to the upper strata had
weakened the former and that traffic by tractors equipped with
wheel-tracks pulling loaded sledges had compacted the upper layers
only, in spite of the relatively heavy loads on the sledges. The
depth hoar layer at the bottom was approximately 2 - 7 cm thick.

It was proabably already present before compacting, since the
method of comvacting generally leaves such a layer of depth hoar
unmixed. The bearing properties of the road did not, however, scem
to have been affected by the weakening of the bhottom layers.
Although the temperature during the last week of the hauling
operation rose to 5 to 15 degrees above freezing polnt every after-
‘noon, full loads were in effect. On April 25, however, the road
became bare on a slope with southern exposure and hauling had to be
discontinued.

The district of Lycksele, Mo och Domsjd AB, has had consider-
able experience with compacted snow roads, expeclally for horse-
drawn traffic. The method of malintalining the roads by compacting
only the new-fallen snow has been more or less discarded there,.
Light-weight wooden ploughs and rut cutters have been included in
the maintenance equipment for snow rcads. The malntenance measures
can thus be adapted to suit the amount of new snow on the surface
of the road., This snow can be elther removed by ploughing or
compacted, and thus the advantages of a bottom-ploughed road can
be combined with those of a compacted snow road.

2. Hauling with wheeled tractors

An interesting hauling operation with a wheeled tractor was
carried out in the district of Lycksele, Mo och Domsjd A3. One
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road was compacted at the end of December and two others at the
beginning of January, using the method of processing the snow with
a tractor by "track-to-track" treatment and then dragging the road.
On the first occasion a Cletrac tractor was employed and on the
second a Volvo T 31 tractor equlpped with SDA wheel-tracks. The
roads were not used until the middle of March, when 30 - 35 cm
loose snow covered them. A Ferguson wheel tractor equipped with
conventional snow chains then hauled a load of 200 - 250 cu ft of
timber over the roads. After this the road was dragged. The
roads were malntained afterwards with the aid of a drag and a
plough. On March 27 to 29 a heavy thaw occurred, but the hauling
of full loads of 400 cu ft unbarked timber was continued. On the
second day of the thaw the tractor broke through the road bed
almost to the bottom, and ruined the road completely. The road
was then dragged the same evening and 1t hardened during the night
in spite of temperatures above the freezing point (effect of
radiation?). The day after, full.loads were hauled again. The
road was again broken up and was dragged 1n the evening. Then
colder weather set in and the road became very hard. Previous
expcrience also indlcated that a road which 1s broken up during

a thaw, if dragged afterwards, will become considerably harder
than i1t was before. Hauling on the test roads was contlnued with
unreduced loads until April 24. The snow depth in the roads on
April 21 was approximately 40 cm.

During the two recent wintzr seasons a special method of
constructing road beds of snow for traffic by wheeled tractors and
even for traffic by trucks has been used in the forest district
of S3rna. TFor example, a Fiat CF 25 equloned with Alfta tracks
tows a BM=-35 wheel tractor and a sledge directly over untreated
snow, whatever the depth of snow may be. The same combination of
vehicles then drives over - the road with a few logs on the sledge..
During the following passes successively -increased loads are
employed. The road is then dragged, after which hauling is con-
tinued wlith wheel tractors, since the road has become very hard.
After wheeled tractors have used the road for a while even trucks
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are driven over 1it. The ftrucks could operate on the roads even
during mild day-time conditiouns. The method of establiching the
snow road consisted in first thoroughly processing the snow cover
and then leaving the development of the necessary hardness to the
trucks. One road was comnacted by the above-described method as
late as April of this yecar and a road bed of adequate bearing

strength was obtalned.

IX. Views on the Oneniag and Maintenance of

Compacted Snow Roads

’

On the basis of test results and recent practical experience
the author has attempted to present certain views on establlishing
and maintalnlng compacted snow roads for various types of timber
transport. Certain fundamental principles can be stated.

In establishing a road, obviously, "no greater force should
be used than the need justifies". For a wheeled tractor a con-
slderably harder rcad, and consequently a more intensive processing,
is required than for one Intended, for example, for horse-drawn
traffic. In order to adapt the technique of establishing snow
roads to thelir requirements with respect to bearing properties,
something must be known about the range of bearing strengths obtain-
able by different methods of compactling and the variation of bear-
ing properties under various conditions. It is also necessary to
understand the effects of the most important variables such as the
compacting temperature, the time elapsing between compacting and
use of the road, the time of compacting, etc., on the properties
of road, so that the necessary bearing properties can be attained
with minimum effort. With the help of such knowledze a choice can
be made, for example, between two alternative methods of establish-
ing the road, on the basis of the bearing-strength requirements for
a given type of traffic. If compacting is carried out only a day
or a few days before the hauling Operatisn 1s started, an intensive
and expensive processing of snow will probably be needed in order
to obtaln the necessary hardness in the road. On the other hand,
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if compacting 1s carried out a week or more before hauling
operations begin it should be possible to employ a simple method
of compacting and still attzin the same hardness, since the hard-
ness of the upper layer of the road increases with the interval
between compacting and the use of the road. However, a certaln
risk is involved in the latter case., If a heavy snowfall occurs
immediately after compacting, the layer of new snow wlll Iinsulate
the road bed from the cold alr above and the hardening process
willl be retarded. The extent of maintenance reduired on a glven
road depends, among other factors, on whether or not the drawbar
pull is the limiting factor for the size of loads. A haulage road
for norse~drawn traffic, if it includes some uphill sectlions, will
require careful maintenance in order to minimize the traction
resistance, since the drawbar pull of the horse 1s normally the
limiting factor for the size of loads. In a level road for hauling
by tractor on the other hand, other factors such as the type
sledges employed, may determine the size of maximum loads. On
such roads a given tractor will have some surplus pulling capaclty
which can be utilized when the road conditions deteriorate. Such
a road renuires but slight maintenance. The malntenance measures
also depend on the extent tc which the sledges deform the road bed,
the exposure of the road to weather and wind, etc.

In what follows the possibilities of employing compacted snow
roads 28 an alternative to existing practice for conventlonal types
of timber transport, are discussed.

1. Hauling over forest trails by horse and by track-type tractors

In districts subject to heavy snowfall tlamber 1s usually taken
out in winter to the forcst trails. The hauler collects timber on
these trails and hauls it to a main road or directly to a stock-
piling voint on a highway, waterway or similar location. The trall
is usually prepared by the haulers themselves, by smoothing off the
untreated snow with their vehicles. The deeper the snow, the more
difficult the hauling operation, partly because the horse or trac-
tor cannot proceed so easily, and partly because more time is
consumed in putting the road into a condition that will enable full
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loads to be hauled. In deep snow the forest tralls are generally
smoothed off by the empty vehlcles on their way to the felling

area, but when hauling starts the hauler cannot immedlately take

on full lozds. He must first make a few runs with reduced loads.
Had the road been completed before the start of hauling operations,
fewer ruﬁs would have been requlred to transport a glven amount of
timber. There is thus a "hidden" road cost involved in this method.

In some places "Weasel" tractors are used for "compacting" such
trails when the snow depth is too great. The guestion of whether
it would not be profitable to "precompact" a system of tralls needs
further clarification. The use of a power-take-off driven rail-
roller (page 27-28, Fig. 13), which processes the snow and at the
same time asslsts the progress of the tractor in deep snow, seems
to offer possibilitics of establishing roads at a relatively low
cost. By assisting the forward motion of the tractor even in
relatively deep snow, the equlpment will compact a forest trail
in a single pass provided the roller is wide enougzh. As mentlioned
previously, an implement which compresses and levels the surface
of the road should bte attached to the rail-roller., This will
increase the hardness of the road considerably.

The system of forest trails should be compacted only a short
time before hauling is started, but at the same time the roads have
to be allowed to harden for an adequate period of time. That 1is
to say, if the operation 1s to vay, the compacting equipment can
only be transported to the district once, but if the compacting
1s carried out a long time before hauling begins, new snow may
fall on the roads and impair the hauling conditions. Even if
cecmpacting is carried out a relatively short time before hauling,
new snow may nevertheless be expected to fall sooner or later.
However, if the snow has been compacted once, the haulers them-
selves should be able to keep the road in good condition by
occaslonal treatment in the course of their empty runs on the way

to the felling area.
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2. Haulins cn main roads by horse

The old "standard method" has been found reliable for opzaing
main haulsge roads for horse-drawn traffic. It consists of pro-
cessing the snow with a decp-penetrating tractor equipped with
tracks, such as a Fiat CF 25 or Cletrac. The snow is processed by
"track~td—track" treatment and then dragged. It should be mentioned
that probably the most effective "compacting-drag" 1s a debarked
round timber of the type usually availlable in the felling area.
During recent winter seasons a new comblnation consisting of a
"rail-roller" (Finnish type) which breaks down and mixes the snow
cover, and a "sliding pontoon'", which levels and compacts the road,
has been developed (Fig. 8) and tested under practical conditions.
It is belleved, that most of our light-weight tractors could
establisn a road by hauling this equlipment only once over it and
back again, provided the snow depth 1s less than 50 - 60 cm. On
falrly steep uphlll grades the tractor may have to use 1ts winch
(a compacting tractor should, as a rule, be so equipped). The
effectiveness of this method in deep snow is limited by the low
drawbar pull of tractors in loose snow and by the fact that the
rall-roller in its present design does not process the snow deeply
enough. The ruts can be opened with a light-welght, but relatively
deep~penetrating tractor and are left to harden for a few hours or
overnight, depending on the prevalling temperature. These hardened
ruts enable the tractor to tow the equipment with case. To
establlish a road in snow more than 50 - 50 cm deep hy towing the
equipment directly back and forth over the snow cover, heavy deep-
penetrating tractors are required. If the depth of snow is greater
than 90 cm the compacting results with the combination rail-roller
and sliding pontoon will become unreliable,

The idea of making the rail-roller power-take-off driven
probably points to an excellent solution to the problem of insuf-
ficient drawbar pull. However, the method has to be studied further
before a final»decision can be made.

Apart from whether the rall-roller is to be take-=off driven
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or not, two details must be borne in nind. When the tractor 1s
drivern back and forth on the rocad i1t must produce ruts of double
width with the inside edges of each palr of ruts touchling each
other. In thls way the road will be made especially hard in the
location of "horse tracks", where it is exposed to the severest
strain. Secondly, the sliding pontoon has to be ballasted as far
as the drawbar pull of the tractor willl permlt.

It is of course difficult to express an opinion on how soon
after compacting haulilng may be started. As a general rule of
thumb the haullng operation may be started 24 hours after compact-
ing if the temperature has been lower than 10 - 185 degrees centl-
grade below freezing during the period between compacting and
hauling‘(where the road has been compacted by the above-described
methods). If the temperature has been higher than mentioned above,
and 1f the new snow has fallen on the road bed, a certaln period
of walting is requlired between compacting and hauling.

For the maintenance of compacted main haulage roads for

horse-drawn traffic the best combiration at present seems to be a
road rutter (see Fig. 31) and a wooden roller (see Fig. 32). The
design detalls of the equlpment, however, are not yet fully clear.
Tne road rutter should be used when a comparatively small amount
of snow falls on the road. If 1t 1s used too often, or after a
heavy snowfall, high embankments will be formed along the sicdes

of the road and drift snow will pille up on the road in places where
it passes through swamps and simllar areas. One of the advantages
of the commacted road is thus lost. The rail-roller has to be
used when larger amounts of snow fall on the road bed. Normally
the rail-roller is used more frequently during the early part of
the hauling season when 1t snows often and in great quantities,
and when there 1s a greater tendency for drift snow to pile up

on the road. During the later part of the season the snowfalls
are less frequent and the road may, 2as result of surrounding drift
snow, have attained the same level as the rest of the snow cover,

so that no accumulation of 4drift snow on the road surface occurs.
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Chviously, drags, simple wooden ploughs, and other maintenance
eaquipment can also be employed.

It is important for the road rutier and drag to be light
cnough in welght to be carried on a loaded sledge, so that they
can be uscd for dragglng and rut cutting during the return runs
with empty sledges. The compacting equlipment can be ballasted
with a rear sledge or similar equipment. ‘

3 Hauling on main haulage roads with track-type tractors

(o 4

The track-type tractors are at present employed only to a
limited extent for haullng on main haulage roads., Slnce it is
expected that they willl be used more in the future, and in view
of the present attempts to develop full-tracks for our wheeled
tractors, the use of track-type tractors is discussed here briefly.

Dstablishing roads can be generally carried out in accordance

with the same principles and methods outlined above in connection
wlth hauling on maln haulage roads by horse.

The problem of malntenance can be probably solved with the
ald of the drag. Whether the drag can be attached to the sledge,
or whether extra passes are requlred for dragging, depends on the

drawbar pull of the tractor, the slope of the road and similar
factors. At the relatively high speeds which are attained, for
example, with a tractor equipped with wheei tracks, the sledges
tend to skid sideways on the curves, and it has been observed,
‘that skidding damages the road. Such places should perhaps be
ploughed occasionally so as to bank the road and thus guide the
movenent of the sledges wherever dragging does not form large
enough embankments -for guldance purposes.

4, Hauling on main haulace roads by wheel tractors

The safest method so far developed for establishing compacted

snow roads for traffic by wheel tractors has been "bottom compact-
ing“(lz). Bottom compacting consists in compacting the road early
in the season at a relatively small snow”depth, followed by further
combacting oprerations as fresh snow accumulates and repeating this

untll hauling operations begine. The method is very reliable, but
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relatively expensive. The previous experiments carried out by SDA,
and the case from the district of Lycksele, Mo och Domsjs AB, of
the last winter (page 61) show that strong roads for wheel tractors
can be produced directly in deep snow if the roads are processed by
a tractor and then dragged or treated with a rotary tiller. Such

roads, heowever, have to harden for a certain period of time before

haulins can be started, except in cases where the temperature has

been very low.

A new method of compacting, consisting in the processing of
the snow with a rotary tiller (Fig. 9) followed by a'slidlng
pontoon, has been thoroughly studied during the experiments. The
treatment results in sufflclent road hardness so that haullng with
a 1ight—weight wheeled tractor 1s possible 24 hours after compacting
even at moderately low temperatures and even when the road is
established in a deoth of snow up to 110 - 120 cm. The method,
nowever, 1is not yet ready for practical application, the limitation
in the drawbar pull of our tractors in deep, loose snow being one
of the obstacles still to be overcome.

The question of how qulckly the power-take-off driven roller
and sliding pontcoon combination can produce a road with adequate
hardness for traffic by wheeled tractors 1s =still unanswered. By
allowing a certaln walting period between éompacting and hauling,
however, strong roads should be obtalined by this method.

It is difficult toc Aecide, which 1s the prorer method of

maintenance for compacted snow roads for wheel tractors. In many

cases malntenance can be limited tc the use of a drag. If used
proverly, a plough-1is probably a sultable complementary piece of
equipment even for roads for whezsled tractors (reduced traction
reslstance, embankments for guildance, etc.). Experience in the
work carried out in the district of Lycksele, Mo och Domsjé AB,
indicate, that drift snow will not accumulate on the road 1f the
relatively small embankments formed by the plough are modified

somewhat with the ald of a specisl spreading wing. The plough

should be used, however, with discrimination. During the late

winter the unper layers of the road easily becomes loosened as a
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result of the higher day-time temperatures and the intense solar
radlation. Under such conditlons a snowfall may greatly improve
the hardness of the road (as found, for example, in hauling opera-
tions for many years at Nordmalings Sawmills on compacted snow
roads) . /

The amount of maintenance requlired also depends on the choice
of anti-skid devices. Tests performed durlng these experiments
showed that considerably higher drawbar pull 1s produced when anti-
skid devices eaulpped with traction rims a few centimetres high
are used as compared with conventional snow chains. The traction
rims, however, damage roads more than snow chalns, an inconvenlence
which 1s espzcially evident at high temperaturcs, and will thus
necessitate more intensive maintenance. If the additional capacity
for load pulling that an antl-skild device with proper traction rims
provides to a tractor can be fully untilized, this advantage will
probably more than compensate for the dlsadvantage of increased
maintenance work. \

If a wheeled tractor is eaquipped with half-tracks, the minimum

requirements for the cstablishment and malilntenance of roads are
somewhat lower, although considerably higher than for track-type
tractors.

5. Hauling on main haulage roads by trucks

As the experience of Nordmalings Sawmills Ltd.(lz)

indicates,
trucks can be used on a road which is compacted according by the
"standard method" after it has been used previously by large track-
type tractors with heavy sledges, provided the temperature has been
below -10°C. Experience in the S#rna forest district has shown
that a road which has been thoroughly processed during compacting
and then used by wheeled tractors, can be used by trucks even

under mild day-time conditions (provided the nights are relativély
cold). The trucks can thus be brought into use in the hauling
operations on a compacted road if they arc preceded by other
vehicles. An intensive "bottom compacting" (see above) should

also produce roads of qdequate hearing strength for truck trafficnz{



Pl

Whether an effective method can be developed for directly
producing snow roads of sufficlent strength for truck traffic,
especlally in rather deep snow, 1is difficult to predict.
fundamental studies have to bc made on this subject. It 1is posszible
that some method of mixinz snow, pernaps combined with a simple
method of using fire or heat in order to bring about partial melting
of snow, may produce roads of the desired bearing strength.

6. _Some concludinz remarks

Beyond the above-described principles of establishing and
malntaining compactcd snow roads the author makes no attempt to
gilve final answers to the problem. For information on the basic
procedures for the establishment of snow roads and for certain
general.rules the reader is referred to SDA 3Bulletin NVo. 56*
(A.C:son Leijonhufvud, 1955).

Furthermore, the rough indications =iven here should be
adapted to the local climatic and other conditlons which vary con-
siderably from year to year. The rapid development of technliques
also makes 1t difficult to glve any complete and satisfactory

Instructions,
A+ Summary

This paper deals with some of the problems relating to the
bearing strength of compacted snow from the transport polint of
view., An analysls was made of the bearing-strength values obtained
by using various methods of snow processing, the variation of the
bearing strength under different conditlons and the way in which
various forms of tfansport affected the bearing strength of com-
pacted snow.

In these experiments the snow hardness was measured with a
proctor necdle. The hardness was expresscd as a "proctor value",

defined as the maximum load in kg per cmﬁ that the road bed is

* Obtainable from SDA, Flemningzatan 37, Stockholm K.
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capable of bearing with a disc surface of 1 cm®, The sources of
error of this method were investigated. As a conseauence 1t was
found that the meaSuring results obtained with a proctor needle

on a snow cover depend to some extent on the person making the
observation, and this generally results in a systematic error.

In a given experiment, therefore, all hardness measurements are
carried out by a single person when a proctor needie is used on a
snow cover. This practice was also followed in the present investi-
gations. The need for a more objective method of measurement led
to the constructlon of a simple drop device (Fiz. .6). Varlous

drop bodies were tested and a cone with a generating angle of 30°
appeared to be the most sultable. With this apparatus the hardness
of a snéw cover can be stated either in terms of the number of mm
of penetration by the cone at a gilven height of drop, or in kilo-
gram-metres as a measure of the work performed by the cone during
its penetration. A summary of the concluslons concerning both

the mentioned methods of hardness~measurement of a compacted snow
cover will be found on page 1l6.

Different sunow-processing principles and the bearing strength
produced thereby in a road bed of snow were compared., As a baslc
method, and one to serve as a baslis of comparison, we chose the one
hitherto most frequently used in the opening of compacted snow
roads. Thls consisted in first processing the snow with a deep-
penetrating track-type tractor "track to track" and then dragging.
Experience has shown that this kind of processing produces a road
bed that can be exposed to traffic by track-type tractors a short
time after compacting. A simple implement combination (Fig. 8)
comprising a "rail-roller" (Finnish type) which mixes and compacts
the snow and a "slidlng pontoon" which smoothes and compacts the
road bed gave'almost the same bearing strength as the'bask:methéd.
The method was thoroughly tested both experimentally and in practi-
cal appllication. The possibilities of agplication are limited by
the drawbar pull of our present-day tractors in loose snow. The
- 1dea advanced by C.E. Malmberg, SDA of making the roller power-
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take-off driven (Fig. 13%) promlses to overcome this difficulty and
at the same time such a roller can probably process the snow more
intensively than a towed roiler. However, additional tests of the
power~take-off driven roller are necessary for a final appraisal
of the metnod. »

The processing of the snow with a rotary tiller (Fig. 2) and
a sliding pountoon gave by far the highest bearing-strength values
of all methods. It is estimoted that a road compacted by this
method can be exposed to traffic by a light wheeled tractor as
early as 24 hours after compacting, even at moderately low tempera~
ture and even when the road 1is opéned up directly’in deep snow.
However, the method must be developed further before 1t can be
applied in practice.

The relationship between density, temperature and bearing
strength of compacted snow was laber shown and discussed on the
basis of a number of investigations. With the aid of a series
of measurements the zauthor has trled to glve a schematic plcture
of this relationship in the form of a nomogram (Fig. 18) for the
case where the snow had hardened approximately 24 hours after com-
pacting. The nomogram also shows the densitlies resulting from or
exvected to result from different processing methods under condi-
tions simlilar to those prevailing at the time of messurement. The
absolute values snown avply, of ccurse, only to the conditions
prevalling on the test fleld. The nomogram glves a good plcture
in summary form of the interplay of the factors principally lnvolved
in the bearing strength of compacted snow during the first phases
of the snow's hardening after processing.

In a snow road that was exnosed to the atmosphere but had not
been driven over, 1t was found that the denslity and hardness of
the surface layer increases with increasing time after compacting.
The hardness increase was ascribed to a transport of moisture from
the ground and from the lower layers of the road as a result of
the surface layer generally being coolerpthan the ground or the
bottom layers. The ground gzenerally had a temperature of £0 to -2°C
~at the time of compacting. If a certvain walting period is allowed
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between compacting and exposure to traffic it is thus possible to
obtain the necessary bearing strength so that it is possible to
begin drivinz over 1t with a certaln type of tractor even at
relatively hlgh winter temperatures.

Once traffic on the road bcglns the bearing strength is large-
ly determined by this traffic. However the traffic prlmarlly
affects the surface layer of the road. If a given form of trans-
port requires a road bed of great hardness in the lower layers then
intensive deep processing is necessary when the road is flrst
opened.,

A loosening and reduction of hardness in the bottom layers of
the road due to material transport from the bottom to the surface
layers Aoes not appear to take place to such an extent that 1t
endangers the bearing strength of the road even when the latter is
exposed onuly to light traffic. This applies, however, only when
the snow has been deeply processed at the beginning.

Drawbar pull tests on snow roads of various bearing strength
were carrled out with a light wheel-tractor equlpped alternatively
with anti-skid devices, half-tracks or full-tracks (Fig. 21). These
three alternatives were examined and discussed from the standpoint
of bearing strength. An example 15 also included showing the
drawbar pull of the three vehicle combinatlons compared with the
pull of other vehicles on compacted snow (Table XIII).

Tne drawbar pull of a light wheel-tractor equlpped with
various anti-skild devices and with various extra loads on the drive
wheels of the tractor was investigated. The importance of these
two factors 1s best illustratéﬁ by the following example: In an
experimental serles the bect anti-skid device combined wlith a
ballast of 750 kg applied to the drawbar gave about three times as
much pull as a conventional anti-skid device without any ballast,.

The relationshlp between drawbar pull and bearing strength
was also analyzed. EBach form of track or anti-skid devlce shows
an optimum bzaring-strengtn range in relation to the drawbar pull.

Approxzimate values for this optimum could be obtalned experimentally
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for some of the tracks and anti-skld devices tested.

On the bacls of earlier experlence, together with some new
ex?criments, the traction resistance of sledges on a road bed of
SNOW wWas étudied. The objection of horse haulers to compacted
snow roads, namely that transport on the roads becomes heavy as
a consequence of frecuent new snow falls on the road bed, were
clarified with the aid of experiments and meteorological data.
These disadvantages can probably be eliminated by modifying the
malintenance technicues hitherto applied.

The approximate bearing strength needed for certain traffic
intensities with various types of light tractors.ﬁas determlined.
As o complement to the results of the experiments data were col-
lected on some hauling operations on compacted snow roads used
under practlical conditions and were analyzed.

Finally, from the results of the investigation and from
practical éxperience the author attempts to lay down some rules
for the opening and maintenance of compacted snow roads for differ-
ent types of timber transport.

It should be pointed out that most of the above experiments
were carried out under relatively uniform conditions in order to
facilitate comparison bctween the various experiments. The
absolute values apply only for the condltions prevalling at the
time of the experiments. In many cases, however, the relative
values obtained from the experiments, e.g. the relationship between
the compacting method and the relative bearing strength, the
relatlive bearing strengths required by different vehicles etc.,
would hold apnproximately from winter to winter and from place to
place in the parts of Sweden in which compacted snow roads can be

usede.
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Table I

Size of disc vs. relative breaking stress
for different substrata

4 ‘ 2 |1 |05 cm?

1951 &rs serie pd snd| 1,54 1,24 |, 1,00 0,78
series on snow '

1955 ars serie pa sno| 143 120 | 100 0,83

1956 ars serie pa sné 1,33 1,19 1,00 0,75

Olhagens serie pd lera| 1,48 1,25 1,00 079
| Olhagen's series on clay |

Table II

Proctor needle measurement on the same substratum
by two persons GB and BA

Antal obs.|  Aedeltal kg/em® Difl's Signi-
Vig | Platta | per pers. Menn kg.fem? Differens | medelfel {0 P
Road Oise No. of Difference| Standard Signi-
observ. GB BA error )
per person of diff. ficance
1 1 95 8,44 6,40 204 | +0849 .
1 8 | o 37,04 35,36 1,68 | + 1806 | efs.
. no sign.
u 1 25 18,08 15,12 296 | + 1,065 *

1*  sannolikheten 93/100
~**  probability 99/100
b 999/1000

”



Standard error as a % of the mean for 20 observa
measuring devices.
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Table III

Comparison of the surface hardness of two roads
measured by using different methods
Medelvarde Diff s Ant. fri- DI § % Signi-
\Metod Mean . medelflel hetsgr. | v A fikans
Mcthod R Diff Diﬂ'l. 1 No. of f{ ! l)i:]l‘ in % ﬂig‘ni:i
VigA Vig B stand - degrees of | of A ficance]
Road A Road B error  frcedom : !
pe. mat [ 11,28] 1120 008 | + 0738 . 48 (0108, 070 lejs
Pr. needle ‘ ‘nosign.!
Kil ... 4188 89,40 | 2,48 | + 1,40 48 1278 592 ‘ >
Wedge : k
Kon 307 .| 53,56 53,00 0,56 | + 1,926 48 ; 0,291 1.4 7 L
Cone 30° : i : ;
Kon 60°.. | 3352 [ 32,32 120 | + 1278 48 0939 358 . -
Cone 60° ; :

Table IV

tions with different
Each experimental serles comprises
simultaneous measurements with two or several

measuring devices on the same substratum

For- Proctornal Kil Kon 30° 1 ~ Kon 60°

Sm‘_s‘ Proc- ! Practor needie Wedge Cone 30° Cone GO°

serie | gore ) - . e

Br | virde Plattstorlek em?® Fallhsjd cm l“llllm_)(l cm alllmj(l cm
e o VI A I

sores| 05 | 1 2 4.8 5 o o2 | om0 s 0 20 B0 1 3 10 20 | 30

< ‘ 1 ;

1| 197 433 ] 334 285 - — 2740200 17 113 —  —  — = — ; -] -
e | 11— | — 324 — - — 241! 234 208 154 — @ — e e
20 19— - 2 — - — - = - = == 21316501 1.30
191 | 48 — 949 573 545 48 — — —  — 153 205 124 075 — | — | —
122 | 179~ 402 — - - _— - — — - — — 152 \ 205 1.79| —
3 g2 — lese — - - o~~~ e 29,216 — | — —{ —
125 135 — 882 — - — —  — - - 20 — 18T 1% — | -~ —| =
126 | 134 — ' 406. —  —  — - — — -— — 233 - - — 283 — | -
1927 1 96 — 51T — = — 28 202 111 — -
129 | 166 — 418 — - 242 — — — 18 - -  — 256 — | —
B0 112 — 521 — o — — - 38 — —  — 28T - — - 313 - -
131 13— 517 — = — 886 -  — - 284 %) N —
132 151 — | 383 - - = == 298 1% 251 172 - - -
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Table V

Summary of comparison between different methods
of treating snow, January 9-21, 1956

Relativ Antal A“tal.jifnfér. med. och utan
Hard- Metod | hiardhet | jam- _ signifikant skl""éd
heten pi Re medeltal | férelser No. of c‘;?;giﬁ:.m&i?{ without
Hardness Method Relative No. of
on Re h::;(:::ss cosrgg:ri. o sign.
YT . .
no signific
1 100 —_ — _ . .
2 142 4 9 9
3 115 6 1 1 4
0 cm 4 107 0 .
b 139 6 2 1 1 9
6 140 3 2 1
7 463 2 D)
1 100 —_ —- - . -
2 98 3 3
3 G5 53 5
20 cm 4 74 1 1
5 70 5 2 3
6 70 2 1 1
1 183 2 9




-] -

Table VI

How the compaction result (bearing strength about 24 hours after
compaction) is affected by the load and working angle of the sliding
pontoon in compacting with rail-roller and sliding pontoon. Flgures
standing by themselves refer to the load, figures in
parenthesis to the working angle

Packad B i Relativ barighet i viigen vid
Compacted , "y S.nu- Relative surf, hardness of the
. - last- | djup rond at a
Scrie vid ning | cm | Dragare liten | medeistor] stor
Series | den llel::;t; kg Snow | Vehicle small medium large
on a-”.l' I‘Ogd d:,l::h arbetsvinkel pd packpliten
date temp, working angle of the slid. pontoon
Oliver
oCc3 .
0 som forst 100 (189) [ 100 (100) [ 100 (161)
~ g0 tog upp P 9 (174)
1 17/1 9°¢c| 300 70 ett spar 238 (300) [ 150 (100) [ 162 (174)
Oliver OC3 - .
600 \\'lll;gl: hadl 209 (130) [ 377 (100} |286 (122)
first ope-
ned a rut
0 Vinseh, 1460 g3y[100 (100) 100 (108)
i spar av
2 | 82 [-130¢| 300 | 90 |Fiat OM \yeq 115)|187 (1005|128 (101;
Winch in
t
75 opencd by (234 (124) [ 158 (100) 214 (141
Fiat OM
Fiat OM
0 som forst| 100 (104)]100 (100; [ 100 (114)
tog upp
3 25/2 | - 7°¢| 400 | 100 ctt spar | 195 (130; 155 (100) [ 163 (119)
Fiat OM,
650 which had| 182 (119|164 (100)| 173 (120)
first ope-
ned a rut
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Table VII

The draught resistance in kp of the compacting equipment drawn by
a deep-gzoing track-type tractor (Fiat OM) in 90 to 100 cm snow on
level ground

Lt !
Rilsvilt -+ packplit D f)rail:\ots.t&tnd
Serd kg belastning pa raught resistance
: “;e Rail-roller + sliding X medel-
och Redskap pontoon load in kg |Endast liten stor stor
datum skay on the rils- | small | medi. | large
Series Equipment viilt um
and k- ) arbetsvinkel pa
dale viillten pack Rail- p
¢ platen | roller packpléiten
roller stiding only | working angle of the
ponloon sliding pontoon
Rilsviilt + packplat -- 0 — | 340 300 | 325
3 RRail-rolier 4 sliding
- pontoon
25/2 » » — 400 — 400 350 | 400
» » - 650 - - 525 475 526
Rilsviillt + packplat 100 250 — — 375 —
Rail-roller + sliding

4 pontoon [ -

1/3 » » 100 0 — — | 325 —
Ralsvalt ............... 100 — 250 — — —
Rail-roller

P 0 -— 200 - — —

Table VIII

Density and relative surface hardness of the test road 1 - 4 and
surface hardness at some temperatures, calculated for about 24 hours
after compaction

Volym- Relativ Ythirdheten vid olika temperaturer
Vig nr| ikt ythirdhet Surface hardness at some temperaturcs
Rond no. I(el:}live
i surface
Dg""t)’ hardness —5° —10° —15° —a0° —95°
1 0,494 100 9,99 13,14 16,49 19,44 22,59
2 0,470 63 6,29 8,28 10,26 12,25 14,23
3 0,437 34 3,40 4,47 5,64 6,61 7,68
4 0,408 15 1,50 1,97 2,44 2,92 3,39
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Table IX

Observations made when using a standard method of compaction
at different times of the winter

Packning Observationer i vigarna
Compaciion Road observations
i : | Snodi Volymvikt Proctor-
15“5‘I Luft- PNOMUP i opckikten €T virde
|djup temp i vagen |' 7 " [under kg/cm?
Datum| Kl em °c |Datum| Kl cm rlem® ytan Temp. medeltal
Date | Time | g, Ai Date [Time, Snow 8 . cm. |Temp.
Snow ir | depth Density of | pei Proctor
depth | temp. i P Lhe 0—10cm. oV value
i em. o, in the road surf. laver thcf Kglem?
i | cm. gricms surk mean
!
i . 0 [ —20 4,08
20/12 | 15 6l | —28 2112 | 1t 28 0,38 5 | —171 10,79
i ‘ 15 | —14 18,01

0 | —28 1312

23/1 {16} 83 | —29 [24/1 | 14%| 40° 0,45 5 |—23] 15,82
15 | —18| 2058

25 | —12| 2156.

0 | —25| 15,15

3/3 | 12°°| 93 | — 4 | 4/3 | 07**| 46 0,48 5 | —19| 16,32
: 15 | —12| 1688

2 | — 8| 849

0 | —23| 982

44 |11 70 | — 4| 54 |o06®| 40 047 5 [ —15| 10,30
15 | — 9] 849

25 | —3 8,20




Tahle X

Effect of traffic on two roads compacted differently,
when the roads were used by
track-type tractors and loaded sledges

Ralsvalt 4+ packplat
Rail.roller + sliding pontoon

Fore trafik

j Efter trafik
Before traffic ; After traffic
) | I i - T -
Volym- | ¢m ! Proctor- | Volym- ' ¢m ! Proctor-
vikt  [under |temp | varde | vikt under | temp. |  varde '
0-10 cm | Ytan | °C | kg/em® | 0-10 em | Ytan | °¢ | kg/em®
cm. em.
DQV\{ify u:\hder T%E‘p' ! P{,‘,’ﬁ:‘;’ Densi‘f'_y unhdcr Til(?-p' p{;’ﬁ:‘g'
0-10 cm, su:i'. ‘ kgl/em? | 0—-10 cm. ‘ sluref. kg/cm?
0 | —74 3,30 0 | —6,2| >523 7
0,458 5 | —11 3,41 0,536 5 | =17 >430 | 6
15 | —6,6 5,48 15 | —74 236 | —
25 | —h,2 488 | 25 | —6,8 205 |—
Fras + ralsvalt + packplat
Rotary tiller + rail-roller + sliding pontoon
Fore trafik Efter trafik
Before traffic After traffic
Volym- cm | Proctor- Volym- cm Proctor-
vikt under | temp.| varde vikt under | temp. | varde .
0-10 cm | Ytan | °¢ kg/em?® | 0-10 em | Ytan | °C kg/cm®
cm. [, . tor- . cm T .1 Proctor-
Densi", under SEP P‘r::;:utzr Dev\s(‘/’] under S:’;‘_p :'f:'cI:“ocr
0—10 em® stl?:f kg/em? 0—10 cm. s'&‘:f kg/em?
i i
|
I
0 | —68 10,88 I 0 | —53 >555 9
0,501 5 | —h8| 13,24 0,545 5 | —10| >b581 |12
15 | —47 16,28 15 | —6,8 312 |—
25 | —4.2 18,04 25 | —5.8 288 | —

' Antal observationer overstigande proctorndlens mitomrade.

1 Number of observations exceeding the measuring scale of the proctor
needle.
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Table XI

Average densities and hardness under various types
of traffic (Kragelski, 1945)

Vormviit | Hardnet
Typ av trafik & i kg/cm?
Type of traftic De““t‘! Hardness
gricms kg/em®
Hjulfordon ............ 0,625 140
Wheeled vehicles
Hast..................... 0,467 70
Horse Drawn
Fotgingare ............ 0,462 46
Pedestrian
Table XII

Grailn size in a compact snow road (main haullung road for horse-
drawn traffic) and in unmixed snow cover during the winter

Vigen Orédrda snoticket
Road Untreated snow cover
31/1 25/3 311 25/3

skilet" korn* skikt korn skikt korn skikt korn
layert grain? layer grain layer grain layver grain
0—3 —3,0 03 —3,0 0—12 —4,0 0-12 | —6,0
3—-17 —2,0 3—23 —2,0 12—19 —30 12—382 ] —4,0
17—28 | —10 | 23—41 | —1,0 | 19—38 | —20 | 32-39 | —30
98—33 | —05 38—52 | —05 | 39—52 | —2,0
p2—64 | —1,6
6475 | —1,0

1 ¢m fran marken. in cm from the ground.
2 stoérsta korn i mm i resp. skikt. biggest grain in mm in the various layers.
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Table XIII

The maximum drawbar pull for various types of vehicles
on a snow substratum with a bearing strength
of 15 - 22 kg/cm?

Fordon Maximal dragkraft kp
Vehicle Maximum pull kp.
BM-25 m. Ceve-slirskyddet .................................... 1,600
BM-25 with Ceve anti-skid device
BM-35 m, Alfta halvhandutrustning ........................ 2,000
BM-35 with Alfia half-tracks
Cletrac HG-42 m. Alfta vinterband........................... 1,400
Cletrac HG-42 with Alfta winter-tracks
David Brown m. Lywe halvbandutrustning ............... 1,800
David Brown with Lywe half-tracks
Fiat CF 25 m. Alfta universalband ........................ 1,400
» » » with » universal tracks
» » »m, » vinterband .............................. 2,000
» » »with » winter-tracks
Fiat Om m. » D, 2,600
» » with » »
Ferguson m. SDA:s hjulbandutrustning .................. 1,500
» with SDA wheel-tracks
» m. halvbandutrustning av Bombardiertyp... 1,000
» with Bombardier half-tracks
» 'm. slirskyddet Combi-Triumph ............... 800
» with Combi-Triumph anti-skid
Fordson Major m. Tegs halvbandutrustning ............ 3,000
Fordson Major with Teg half-tracks
Musceg, med bandmattor av Bombardier-typ ............ 1,375
Musceg, Bombardier
Nordverks snotraktor ..., 1,800
Nordverk snowmobile
Nuffield m. SDA:s hjulbandutrustning ..................... 2,300
Nuffield with SDA wheel-tracks
Vessla, original .............ccociiiiiiiiiiiiiiiiiiiiieiiiis 1,200
»Weasels, original
Universal, med bandmattor av Bombardier-typ ......... 1,400

Universal, Bombardier
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Table XIV

Maximum pull for various anti-skid devices and loads as
applied to a diesel-driven Ferguson

I Road worn by traffic (proctor value 25 - 35 kg/cm?)
IT Newly compacted road (proctor value 10 - 15 kg/cmz)

" ‘ . Dragkraft vid olika belastning
Slirskydd Vig Pull at various loads
Anti-skid device Road -
0 250 300 | 750 kg
Vanlig Kitting ........... ! 470 830 950 1230
~(_lim_ve_e‘nlrir(rnml chain 1 569 . 810 820_ ?90 B
i ¢
»Combi-Triumph» ... 1 600 790 1020 1320
11 780 970 1160 1390
I 1000 1220 1760 1990
»Cever
Il 980 1220 1380 1600
»Perfekts ... oo I 1040 1360 1990 2170
. 11 870 1160 1420 1760
H 880 1110 1260 1420
Mud tery ............
PHndmastery 1 800 930 | 1170 | 1340
Halvband .................. [ 840 1050 1250 1450
Half-tracks Il 730 1060 1200 1310
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Table XV

Number of days with precipitation at the three meteorological
stations of Stensele, Forse and Sarna. Average for 1911-40

Antal dagar med olika nederbordsmingd i mm

N Manad Number of days with precipitation in mm.
Station Monih as apparfnt R‘om elow B
= 0,1 =1,0 =50 =100

Dec. 16,30 8,60 1,53 0,20

Jan. 15,47 797 1,00 0,13

Stensele feb. 13,13 6,27 0,83 0.03

March 12,37 6,07 1,43 0,23

April 11,10 6,07 1,40 0,28

Dec. 10,00 8,00 2,10 0,50

Jan. 9,07 7,37 2,07 0,47

Forse feh. 7,67 6,10 1,40 0.23

March 8,03 5.63 1,40- 0,23

Aprit 7.563 5,83 200 0,60

Oec. 16,87 843 2,50 0.77

Jan, 16,13 8,37 2,30 0,63

Sirna Feb. 12,40 5,40 107 0,17

Mareh 12,27 5,63 140 | 033

Bprin 12,63 6,73 1,93 0,50

Iable XVI

Example of change of traction resistance and sinking of runners when
a sledge 1s pulled over snow covers of different bearing strengths
(total weight 3,060 kg, runner surface 9,800 cm?®, temperature -8°)

Forsok nr.......... 1 2 3 1
Experiment no.

Birighet kg/em® ... . 1,87 3,25 10,4 63

Bearing strenglh kg./em?

Mcedarnas nedsjunkning, cm ... 7—10 4—5 1—3 0,0--0,3
Sinking of runners, ¢m

Dragmotstaind, % .................... 10,0 85 — 58
raction resistance, %




Flgo 1

The PM-dynamometer

Filg. 2

Instrument for measuring the traction resistance of sledges
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Bresking stress a8 s function of the inverted value of the
dige diameter (after Olhagen)
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Relationship of proctor value to wedge penetration
at a fall of 10 cm
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Fig. Ba Fig. 8h
"Raileroller® with Making & snow road with
®*8liding pontoon® Fiat OM, raill-roller and

sllding pontoon directly
in a 90 cm deep
untreated snow

Fig. 2

The rotary tiller tested
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Fig. 10

The drag used in the experiments

Load in kglem?

0 ) 10

&3

18 1

30
Dijup em
Depth in em

Pig. 11

Distribution of pressure in a snow cover (from the Equation of
(Foeppl) (Kondratyeva, Kragelski, Shakhov, 1948)
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118 em
96 cm
Ordrd Repska: s
sna pe har 29 crn
L vinsehats
MLT:‘;‘?(E divenei Hedska-
‘ dei orar- dpen"thsir' 57 cm
da snbn Tapla Redskapen
The equip: | 2 vessla, har d r
ARt whE som forst har ragnts
Towed sphrat | -av en diup-
directly in 4 . conip. | Béende band-
“‘l";i&“;;'gg' mentwas | traktor, som
pulled by | farst sparat
by & a weasel”
salinets which kad § The equnﬁpmem
first ope. i was pulled
wedtheruts | & dee gomg
track-lype
{ractor which
had first ope-
ned the ruls
O cm

Pig. 12

The compactbing capacity of the rail-roller and siiding pontoon
measured according to the compression of the snow behind 4ifferent
towing vehicles. ''he experiment was conducted on Feb. 17 at an

alr tempsrature of =12°C

Fig., 13a Fig. 13b

The first pllot model The roller at work
of power-take-off
driven roiler
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Vig nr
Hound no.
055 .
I volymvikt  Jgr/cm3 X 1(%)
Densify
// 2(0)
%
0,50 ~
/!‘ /
/ )/‘, 3(@)
0,45 ///
/ A/' (18
H
a /‘
— | a Antal{dagar efter pdckningen
040 Number of days aftef compaction
! 5 10 15 20 25
Fig. 14

The change of density in the top layers (0 - 10 cm) of the
test roads with the perilod of time after compaction
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Temp®C
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Vig nr. - Road no.

© 1a

X 2a

Al

O Observationer i vagar, som packats pid samma sitt som 1 och la vid

Approximate relationship of temperature to the surface
of the test roads 1 a and 2 a 24 to 48 hours
after compaction

olika tidpunkter under forséksperioden. Varje punkt representerar tem-

peratur och birighet ¢. 1 dygn efter packningen.

Observations concerning other roads compacted in the same way as
laand1 at different times during the test period. Each point represents
temperature and surface hardness about 24 hours after compaction.

Fig. 15

hardness
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250 [Retativ hardHet
Relative hardness
o
200 x .
" . /o
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° Antal dagar éfter packningen
1 Number of ddys after compaction
12 4 5 8 9100 12 1415 16 20°
-g° -¥° ~18° -6° -20%16° ~824-4° -9 C

Temperatur vid mattillfallet
Temperature at the time of measurement

Fig. 16

Change of surface hardness at a certain temperature
as a function of the period of time
after compaction
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Fig. 17

Relationship of the surface hardness between the test roads 1 - 4
at different times after compaction
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Fig. 18

Approximate relationship between density, temperature and surface
hardness of the test roads 1 - 4 compacted in the experimental
field of Alsbicken, The approximste density values resulting
or expected to result from different compaction methods
(A,B3,C) under the experimental conditions
have been marked

A. Treatment of snow with rotary tiller, roller and "sliding
pontoon". About the same density values can be expected by using
rotary tiller and "sliding pontoon" only.

B. Treatment of snow with deep-going track-type tractor followed by
compaction with roller and "sliding pontoon", or dragging with a
heavy drag.

C. Treatment of snow with deep-going track-type tractor followed by
dragging with a light drag or compaction with a battened roller of
wood. Driving directly in untreated snow with rail-roller and
sliding pontoon (in snow depths below 90 cm).
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: Figga 19
Snow depth, grain size and density in untreated snow. Lycksele on
peat earth 20/12 - 25/4 1955 - 56

5 = 3now depth in cm. K = Diameter in mm of the big es% grain
found in the various layers. V = Volume welpght in gm%cm 0

Ple. 20

Anti-skid device ®Comb
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Dragkraft kp.
Drawbar pull kp.

O...cievs "Combi-Triumph”.
®— — — Halvband av Bombardiertyp. Hailf-tracks of Bombardier type.
SDA:s hjulbandutrustning. Wheel-tracks (full-tracks) M/SDA.

®
1750 s —
. e [
L/,__.._-
[ ] ®
1500 1§ — | — ——— — — o—
° /
. / e
1250 e —— ——————{ — — ———
/ o 0—‘ J o o
- - L) o— —— — — -— —
1000 / 1 = ) . ..‘z...... T o 0 - R
o |80 RS ° °
L4 -~ 0 |.-""a °
o 0.
0.1 o —_——— —
750 - = _———
o| ©.- °
o
°
500 - 4 o L L L
) 5 | 10 "20 25 0 43 48 63,
| Proctorvirde ey
Fkgi(s:z) Uppskattad minsta barig- proctor value = &
14.4‘ het som erfordras for kor- s 5
Tk ning med mindre lass c 2
%O %5
Estimated minimum bearing x 2
3k3, s(renglh for traffic with mi- = E
( nor load & g
2s
& &

Fig. 21

Drawbar pull vs. bearing strength (surface hardness) for the
tested Ferguson tractors
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Fig. 22 Filg. 23

Conventional snow-chalns Anti-skid device "Ceya?

Fig. 24 Fig. 25

Anti-skid device "Perfekt? Anti-skid device *Mudmaster®
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Relativ dragkraft
Relative drawbar pull

250
3
200
Y
| “Pertekt”
Ceve” [ 11775)
2(1705)

150

3 ‘Mudmaster” | Halvband (Half-tracks)

(3N r (137}
‘Combi- Triumph™
1122)
’

100 | vanlig kitting

/ {conventional chains)

i

'

? obevipnat dick
50 L {rubber tyres)

i

Fig. 26

The relative drawbar pull of a Ferguson wheel-tractor with
various antl-skid devices. Range and mean
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Fig, 27

The pleture shows how the snow packs in the reversed plate of the
antl-skid device. The correctly mounted plate iz rather
free from snow. Driving direction
from left to rizht
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@ SDA's hjulbandutrustning. Wheel-tracks M/SDA.
O Halvband av Bombardicr-typ. Half-tracks of Bombardier-type.
Dragkraft kp O “'Combi-Triumph™.
Drawbar ® "Perfekt’.
pull kp

© vanlig katting. Conventional chains.

1750 -
©

1500 (E)

® C)

(o]
¢ ]
1000
e
©
500
0 250 : 500 kg
Extra belastning i dragkroken
Extra load on the drawbar
Fig. 28

Some pull tests with a gasoline driven Ferguson
on a road with a bearing strength of
43 kg/cm®

For circled points the tractor pulled until the engine stopped with-
out slipping of wheels or tracks
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Dragmotstand
T"ac,f/on resistance

%o
15
Forsok nr Symbol
Experimentno
o]
2 <
-11° 3 A
o 4 X
10
\812"
\ _130 e
< g3 | 7cm nysne pa
\ vigbanan. Total
x \\‘“ﬁ-.____________-—-v vikt 3060 k.
. G _a
\h_‘.‘_ 1cmy nysno pa vag 7 cm new snow
banan,Temp -1,5% onroad. bed.
5 : Total vikt 1645 kg Total weight 3060k
1cm new snow
onroad bed.
Temp -1,5 °C. Total
weight 1645 kg
0
0 5 10 15

Enkel passage nr
Single pass no.

Fig. 29

The change of tractlion resistance with the number of passes
when driving loaded sledges over new-fallen
snow on a hard road bed with a
track~-type tractor
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Fig. 30

Approximate bearing strength and teaperature 1limits for intensive
traffic with a varying combination of vehlcles 24 hours after
compaction. The temperaturc refers to the surface layers of
the road. At a bearing strength higher or at a
temperature lower than the indicated limlts the
combined vehlicles were estimated to make at
least 15 passes over the road in the same
rut with a load of about 900 kg on the cart



«108-

Pig. 31

Bgquipment for mainéaining horse haulage roads. It levels the
road bed and opens ruts for the runmers

Fige 32

A simple roller of wooden ribs csn be used for compacting loose
snow (i.e. new-snow) on the road bed
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Desizns of Tractor Tracks and Anti-skld Devices

used in the Experiments

All drawings 1in scale of approx. 1l:12

Track of Bombardler for wheel-track
and half-track equipment
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Original track for Oliver OC3

Ordinary snow chains
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Combi-triumph

Mudmaster
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Ceve

"Perfekt" with pulling lugs



